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PREFACE

The AGARD Working Growp on "“V/STOL Displays for Approach and Landing® jointly sponsored by the
Avionics Panel, Aerospace Medical Pansl and Flight dechanics Panel of AGARD has made an attempt to gather
information relavant to this study, to discuss this with experts from various NATO countries in the light
of the disciplines represented by the three Panels and to draw general conclusions with respect to the
man-machine exchange of information in V/STOL aircraft. A great amount of attention was devoted to the
problems of V/STOL aircraft cperation and to the question of optimal combination of automatic and manual
aircraft control with particular respect to the role of the displays. Discussion was restricted to the
mora realistic and promising possibilities rather than discussing the many theoretically possible cases
of V/STOL aircraft development and operation. This presented a particular difficulty since V/STOL tech~
niques are still in an early stage of development even for one V/STOL aircraft (the Harrier) brought into
squadron service some time ago. However, the background of experience of the Working Group members - Air-
craft System Engingering, Display Engineering, Flight Testing, Humen Factor Research and Human Engineering -
contributed to the interdisciplinary type of work to be done, which sometimes, howaver, had to be con-
fined to assessment. It is hoped that the results of this study will support the activities of the three

sponsoring Panels in the field of V/STOL techniques and assist future research and development in this
arsa.
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1. DEFINITIONS

B ADI - Attitude Director Indicator

%,,% AFCS - Automatic Flight Control System
ii ¢y - Constants

g, CRT - Cathode Ray Tube

¥ CTOL -

T

PR U

Director Display

Harizontal Display

Conventional Take-off and Landing
Presentation of a computed command

Vertical Velocity

Presentation of x-y plane related inforwation such as position,
track, ground speed etc.

‘: Flight Path Error - Deviation of the aircraft from a preselected flight path
& h - Height

; Dov - Desired Hover Hoight

i h -

L3

t

HSD - Horizontal Situation Display
HSI - Horizontal Situation Indicator
INMC -

Quickened Display

R

SAS

Situation Display
Vertical Display

Instrument Msteorological Conditions

Presentation of a signal containing status, rate and acceleration
components

Range

Stability Augmentation System

Presentation of a status

Presentation of y-z plane information such as height, bank, vertical
velocity and related information such as pitch and incidence

Vg - Ground Speed

VMC - Visual Meteorological Conditions
vsD ~ Vertical Situation Display

vsi ~ Vertical Situation Indicator
V/STOL - Vertical/Short Take-off and Landing
8 - Pilot's Control Output

€ - Error

A - Position of a Display Flement

] -~ Bank Angle

¢ - Rate of Bank

¥ - Heading

& - Rate of Turn

Yy - Damandad Heading

2. INTRODUCTION

One of tho attractions of the V/STOL aircraft for military application is {ts ability to
operate into and ocut of tactical sites which may be remote from conventional airfields. Typical of such
sites for VTOL aircraft might be a "nole in the woad™,a restricted clearing surrounded perhaps by high
obstacles. Operaticnal studies have emphasised tha sensitivity of effectiveness to detecticn rate when

operating in forvard areas and this in turn will force the use of such reatricted sites. Indesd, the wore
high obatacles around, the better froe this point of view,

That current Y/STOL aircraft can operate into such clssrings by day in clear weather has been
demonstrated frequantly and although the restricticns on flight path imposed by the surrounding abstacles
way require careful flying, one does not encounter insurmountable difficulties,

Howaver, to be able to operate only by day in clesr weather ia in the long run almost certain-
ly unacceptable to military ussrs and {t is an unfartunate fact that no true VIOL ajrcraft has an effec-
tive poor weather capability, particularly into restricted sites,at the presint time. It is ironic that
while the sbove statement {s true, thaie is a generally held opinivn that operation of VTOL aircraft under
poar weather conditions ahould be fundamentally wmore safe than CTOL aircraft by virtue of the formar's
ability to fly slowly and atop if necessary. The spparent conflict between these two statesents comes
frox the present state of development aof the vehicle as a stable flying machine and the confidence with
which the pilot can handle it under difficult conditions. In addition, if the approach manceuvie s con-
strained in time by fuel consumpticon rates or the need to alnimizs exposure, then there i3 a further
pressure on the pllot farcing hin to abandon a cautioue stop-and-go approach. There ia, irn fact, a basic
need for s systes vhich will perwmit smcoth, ecotomic approsches to be made ts a asar-hover point a short

: distance from the landing aite, at a low but safe height and preferably with the vehicle pointing towards
¥ the site.




e g TR ¢ s TR T S S S ST

The need for stuly of approach techniques was recognised by AGARD in 1863 when the Avicnics
and Flight Mechanics Panels jointly established a Working Group to look into V/STOL Landing systems. The
findings of this group were presented in AGARD VLS/65 (Ref. 5) which, while recomending that tha pilot's task
should be kept as simple as possible and expressing a preference for an approach where only one parumeter
vas changed at a tims (stepped approach) did not go into the details of the practicality of providing
approach and landing guidance systems. Accordingly a second Working Group was set up in 1965 to study
these aspects and their work is reported in AGARD Repart 560 (Ref. 1).

While the study reported in Reference 1 concentrated its expertise on the ground aids that
may be used, it fully recognised the existence of shartcomings in the display of information to the pilot.
The following paragraphs quoted in extenso put the problem:

"Para 4.2, It is generally agraeed that existing displays are mainly inadequate for V/STOL
instruwunt £light and that new displays are required. This is especially true for zero-zero
visibility and is true for weather minima of 200 ft and 1/2 mile visibility to & degree
dependent principally on the steepness of approach and extent of speed transition which

has to be performed.

In spite of the many studies that are being carried out on new types of display there is
limited knowledge on the manner in which information is best displayed to the pilot.

Para 5.4. It is believed that there has been sufficient intevest and progress in the
development of iastrument displays to merit reviex by an AGARD working group --- the
formulation of guidelines for instrument displays should assist in coordinating the
various centres of activity on this subject."

It was decided batwsen the Avicnics, Flight Mechanics and Aerospace Medical Panels that this
recommendation ahould be followed up by the formation of a small inter-panel and inter-disciplinary group
drawn from Canada, France, Germany, the Netherlands, the UK and the USA.

The terms of referaence for the group were agreed as follows:

a) To study the requirements for displays to assist the pllot during approach and landing
of V/STOL aircraft (including helicopters) in the light of AGARD Reports VLS/65 and 560.

b) To define the principal objectives in designing an instrument display for V/STOL ve-
hicles in the approach and landing phase (including conventiocnsl operation) both in
IFR and VFR conditions.

¢) To survay the present state of display techniques and development trends.

d) To state whether current ressarcn and developmant is correctly oriented to achieve the
aims defined {n (b) above and to advise on whether increased development effort on dis-
plays is required in any area.

e¢) To prepare, in addition to a Technical Report, an Advisory Raport for the Military
Committee of NATO.

*h»2 Working Group mat six times, once each in the Netherlands, North America, the UX, Germany and

. 1o francr, and consulted personnel from both research establishments and industrisl organisations, They
were assgisted . this work by an extensive prelininary survey carried out by tha Technical Secretary, be-
fore the group was coavensd, in which he raviewed some relevant activities in the various participating
countries. He found that a very considsrable amount of work was being conducted in the broad fileld of air-
craft displays but very little of it was aimed specifically at the V/STOL case. Also, work appeared to ba
directed more to short term soluticns for specific aircraft than to establishing fundamental ruquirewents
(ie it was resulting {n empirical solutions rather than an understanding of underlying principles). Again,
for general application, there was a lot of work being carried out on novel display technijues and, in
general, thase scemed 2dequate to meet any special V/STOL requirements. This Is not to say that further
advances {n engineering techniquos are not desirable; drightrneas, contrast, colour, size and cost could
all be impiroved hut thers are no peculisrly V/STOL aspects that would force development along any parti-
cular path.

The Technical Secretary's report showed that among thoss surveyed there was a consensus of
opinlon in favour of future work having the following order of priorities:

1. Syatems Theory and Design - Analysis and integration of subsystems such as stability
augmentation system, pilot, display atc. vith respsct to
the environment dénd to the mission

2, Huran Fectors and Human - Peterminar{on of the pilot's response characteristics and
Engineering Remsarch their applicaticn to display dasign
3. Operation - Accumslation of flight experience and developaent of practi-

cable flight procedures

§. Technology - Development of the engineering ability to produce a display

In ite subsequent studies tha Warking Group has atteapted to follow thens priorities. The re-
sult iz this report, which doss not dictate exactly how such displays should look. It is hoped, however,
that the report will ba of benefit to those who have to design V/STOL displays in the futurse.
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Finally, this report indicates a number of areas where further research is needed, or where
the current research effort needs increasing. Future action along these lines is, of course, a matter fop
individual countries but the existence of a ceniral statement of need could contribute greatly to inter--
national collaborative projects whether bi-lateral or multi-lateral in nature. Recommendations along

these lines will be made by the Working Group to the NATO Military Committee in:the discharge of itk terms
of reference. '

3. GENERAL CONSIDERATIONS

The design and development of display systems for V/STOL aircraft terminal area operations
require consideration of many factors outside the display technology field, As a minimn, these con-
siderations include operational factors, ground enviromment, vehicle configuration, terminal area flight
profiles, guidance requirements and pilot factors. This section of the report will discuss these aspects
of the problem as viewed by this Working Group. ’ '

3.1 Operational Factors and Ground Environment

Operational requirements are generally a function of the mission, role and class (ie fighter,
transport) of the aircraft. All tactical military air:raft, however, should be capable of operating under
adverse weather conditions to be truly effective. The operational effectiveness of V/STOL tactical aircraft
will be strongly influenced by weather conditions due to the hature of their operational employment. They
will very likely be deployed to dispersed sites and/or operated into, and out of, remote forward sites
having a minimum complement of ground aids to assist in conditione of low visibility. Weather criteria
for ramote area operations may be different from those for main base operations. Under combat conditions
adequate visual cues can not necessarily be assumed following breakout through cloud cover nor will the
pilot have high intensity lights, runway markings or runway contrast with surrounding terrain available
as cues to indicate his desired landing point. Landing sites may be camouflaged and operating' under black-
out conditions, Approaches may have to be mada over enemy controlled territory and unfamiliar terrain. As
a result, the pilot must be able to fly under instrument conditiona ‘throughout almost the entire approach
profile to exploit fully the operational advantages of V/STOL tactical aircraft.’

The nature of the operational employment of V/STOL tactical aircraft will also significantly
influence the mission-related avion.cs equipment which will vary widely frem austere to highly sophisti-
cated depending upon the aircraft's role. Maximum utilization of this equipment to accomplish terminai
area and IMC operations is necessary to minimize the additional cost and weight of special purposs compo-
nents and systems., The level of maintenance support available at forward and remote opdrating sites will
impose higher system reliability requirements than would normally be required for main-base operations.,

These factors emphasize the need for easily maintained, highly relisble avionics and display systems for
V/STOL tactical aircraft.

3.2 Vehicle Configuration

Thera are currantly many V/STOL airframe-propulsion configurations in various stages of develop-
ment and production. These configurations include rotary wing, lift fan, 1ift jets and many others. The
primary emphasis of this Working Group's activities has been concerned with aircraft having an {nherent
capability to hover and manoceuvrae at low speed, since this is a limiting design case. STOL aircraft carry -
ing out steep approaches come somewhere in between VTOL and conventional aircraft in terus of system design
requirements for terminal area operations. The reason STOL aircraft are flown at low airapeeds on approach
is to keep the touchdown velocity low and, hence, the ground roll short. As a consequance of thsse low
speeds, natural aerodynamic damping of body axis movements is reduced and the effects of wind shear, gusts

and cross winds will become more pronounced in the final approach and landing phase than for conventional
aircraft.

In terms of display system design, vehicle configuration primarily affects the information
requiraments necessary to control flight path, configuration changes and the propulsion system. In air-
craft In which configuration changes or modulation of the propulsion system are used to achieve direct
lift control, operation of these functions becomss a primary, rather than a sacondary, control task end
mst be treated accordingly in the deaign of the display system. This impacts on fail-aafety requirements,
location of display elements, and the integration of the display of these control functions with other
primary centrol functions - particularly in command or director display modes.

3.3 Terwminal Area Flight Profiles

Flexibility is the key to conducting tactical V/STOL terminal aroa opsrations under the con-
ditions discussed above. The capability to hover and manosuvre at low speeds provides this needed flexi-
bility in establishing terminal area flight profiles. Under INC conditions, the pilot {s no longer re-
stricted to flying fixed paths through space based on runway headings, but rather he can eatablish higs
best landing profile based on a knowledge of aircraft limitations, tactical and environmental conditiona
and his present position with respect to the desired landing point. Given adequate aircraft characteristicy
this inherent capability to perform steep, curved, decelerating and omni-diractional approaches is depun-
dent, neverthaless, upon the pilot having appropriata information displayed in a manner that allows hia to
perform those manoouvres with confidence, Pilot confidence is probably the moat important ningle factor
in achieving oparational all-wsather landing.

Current piloting techniques during instrument flight conditions require long straight approaches
for acquisition and tracking, and are time consuming. Fusl consumption data from trials with the P.1127 for
Several types of instrumant approaches froa just priar to acyuisition of glide path, to touchdosn, are
compared in Fig. 1 (Ret. 2) with a visual, turning approach to a vertical landing. It can be seen that
there is a sigaificant saving in time and fuel for the visual approach compared to the simulated inatrument
approaches. To conserve fuel and minimize exposure time in V/STOL operations, IKC landing profiles sirilar
to those {llustrated as futura procedures in Tig. 2 (Ref, 2) must becowe operationally feasible. In VLS/8%
it was assumed that the glide path would be a straight lire both in tha vertical and harizontal plana during
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. the {nstrument final approach. However, even in 1964, there was evidance that future requirements might
include the capebility to fly a burved path in both dimenaions. Therefore VLS/65 rocommended:

"A system which provides the aircraft with continuous three—dimensiocnal information

. concetning the aircraft location, associated with an sirborne computer which can be
programmed for any desired flight path, would be preferable to a system providing a
rigid glida path.”

Given such 4 guidance system the display requirementa to achieve versatile YNC type profilas
urder IMC conditions, indeed, are not readily apparent, but the diacussiou and analysis of later chapters
attempts to shed eome light on these requirements.’

3.4 Guidance Requirements ’ ' :

Inforration requirements for V/STOL approach and landing are discussed in Chapter 5 of this
report. Some comment is in order, however, on guidance concepts which may be employad to satisfy these
information requirements, The locatzou and tactical environment of many V/STOL operational sites may pre-
,clude the installation of large, permanent ground guidance systems and the altsrnative, of installing
sophisticatad airborne guidance systems in all aircraft. is extremely expensive and imposes additional

. power, weight and maintenance requirements.

Sub Group T of the NATO Air Forces Armament Group (NAFAG) is raviewing military requirements
for tactical ground guiddnce systems and is conducting avaluation tests on several portable light weight
systens which are being developed by several manufacturers in the United States, Great Britain, Germany
and France., These include MADGC, SETAC,TALAR and SYDAC, and it is anticipated that requirements for an
interi~ and/or long term gactical guidance system will result. Although V/STOL and helicopter guidance
rec .- aments are being considered in tnese investigations, primary consicera’ic: is baing given to con-
ventional aircraft requirements for the interim system.

The All Weather Operaticns Papel (AWOP) of ICAC and Special Committee 117 of Radio Technical
Commission for Aercnautics (RTCA} have recently made recommendations concerning the need for a new guldance
system that considers V/STOL and helicopters requirements. RTCA investigated the development of a precision
guidance concept and associated signal format for an approach and landing system for civil and military
users. The recommendations are reported in Ref. 3, The AWOP alsc recommended the devslcpment of a new inter-
,national non-visuali approach and landing guidance system for civil aviation (Ref. 4). Devalopments resulting
from these recommendations would not necessarily result, however, in portable systems satisfying tactical
V/STOL operaticnal requirements.

V/STOL aircraft have guidance requirements that are essential to expleiting their unique (le
low spaed, direct lift control) flight characteristics. The operationa:. capabilities of V/STOL alrcraft
can bast be realized if the pilot is able to use the {nherent wide flexibility of the aircraft under IHC
in much the same minner as he does under VNC., The low speed flight characteristics enable the pilot to con-
trol the aircraft based on its existing flight situation with respact to the desired landing point without
the. need to correct back to an arbitrary flight path (except under hignly congested air traffic control con-
ditions). It appears that the system will have to provide precise position and rate informstlon relative
to the desired landing point. Range and range rate information is essential if optimum decelerating profiles
zre to be achieved. These could minmimize fuel consumption but, more impartant, along with a knowledge of
surounding terrain and winds, will permit V/STOL IKC landings {n very low visibility conditicus.

As pointed out above, pracise position information relative to a desired landing site can bo of
more importance {n V/STOL landings than positicn information relative to an arditrary flight path. In the
simplest case, range, besring, and barometric altitude (with reference to the landing sits) can provide this
position data. Many more sophisticated seans of deriving thia information are currently under development.

NAFAG 'Sub Group 7 will be considering such systems as long range solutions to tactical guidance requirements.

V/STOL guidance reguirements {accuraclies, range, coverage, etc.) should be established, verified through
Flight test, and specified as part of the general reguirements for any nev tactical guldance syates.

3.5 Pilot Factors

A sigrificant factor to be cenuidered in the deaign of & control-display syrtem for any new
aircraft {s the role of the pilot in the system. This issue becozss of particular concern vhen automatic
versus manual control trade~offs are being considered. The need for autoaatic asmistance and the trade-off
batween control sophisticaticn versur display requirements are discussed in detail {n Chapter 4. Several
general points, hovever, nesd to be sade about pilot factors in system design. In genaral, pilots make poor
subst{tules for servo act\Ators and if they can bo unburdened from such routine control tasks, have more time
availabie for managemant of cvitical functiona, On the other hand, as autcmaticity {ncreases, the pilot's
task hacowes ona of systems monitoring, and he msy not bs able to stay aufficlently alert under routine
cperation to take over manually in case of systems fallure:. st critical phases in the nizsicn. These points
vere also made {n Ref. 2:

"The V/STOL aircraft will sdd complexity of operation for the pilet. Also, the need
for steep, curved flight paths in & dense traffic anvironment (o due *o operaticoal
requiremints-editorial comsent by Warking Group) i{n very low viribility conditions
vill nlace demands on the pilot that will requiray scex degree of automsticn of operation
and oontrol of the aircraft and of its guidance from cruisy to landing. The pilot will
become a mansger and zanitar of system perforrance and, of course, will remzin the
decisicn maker. The decisions the pilut makes, however, may be nore difficult as a
manager and more critical in timing in an emergency situation inasauch as displayn

of today require interpretaticn gnd are not suitebly integrated. The pilot may not

be able to stay sufficiantly “alert™ under routine operations while moalitoring with
abstract displays unless he playr an active part in the coantrol of the aircraft. On
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the other hand, vastly improved displays may provide an answer."
4. THE TRADE-QFF BETWEEN CONTROL AND DISPLAY SOPHISTICATION

4.1 Introductory Remarks

As was pointed out in Chapter 3, V/STOL aircraft have proved to be marginally stable and diffi-
cult to fly at low airspeeds. Successful transitions from aerodynamic flight to a hover and landing do
not present operational problems as long as such missions are flown by experienced and well-trained test
pilots. Ultimately, V/STOL aircraft have to be flown operationally by less experienced pilots. These will
have to receive special training due to the varying method of control during a transition frow aerodynamic
flight to a hover. On the other hand, VTOL aircraft offer advantageous direct control of vertical accelera-
tion thus allowing immediate corrections of height errors. This can enhance the guidance stability with
respect to the demanded flight path compared to most conventional aircraft where height errors are correc-
ted indirectly by changing elevator angle and engine thrust.

Studies conducted in flight so far have been primarily concerned with stability and control
examinations under VMC. Far fewer studies of this kind have been undertsken for manual flying under INC )
which 18 understandable because even for conventional aircraft true all-weather instrument landing capa- ?
bility is just baginning to become a reality as a rasult of fairly sophisticated automated control systems. 3
Another reason for the majority of the research being dona under visual rather than instrument conditions
is that airborne experiments are much mare easily performed using the real world cues. Also representative
displays are not usually available and the researcher is well aware of the deficiencies of standard instru-
ments because of all the controversy over the years ragarding V/STOL display requirements. As long as V/STOL 3
aircraft steep-angle approaches, including vertical landings, are in the exploratory stage with respect :
to all-weather landing capability, appropriate displays can not be developed adsquately until a basic un- 3
derstanding of what is to he controlied, operated and monitored has been established. Therefore, only fair-
ly general statemants can be made on the trade-off between control sophistication and display require-
ments.

4.2 Vehicle Stabilisatinn

Some Y/STOL aircraft have stability characteristics which allow the aircraft to be flown
manually with a minor degree ct autostabilisation, or no stabilisation at all. The question is, however,
how much the operation of a V/STOL aircraft without autostrabilisation incraases pilot workload compared
to that of flying with stability augmentation. If there is a significant increase of pilot workload it
should be accounted for when definirg the pilot's flight control tasks and in a wider senss the total mis-
sion concept. To be able to assess the cost-effectiveness of autostabilisation, it is felt that quantita-
tive measures should be developed to show what amcunt of the pilot's attention capacity i{s absorbed by
manual aircraft stabilisation.

At this point the optimum use of human oapabilities should be reconsidered. Obvicusly the pri- i
mary tasx of the pilot iz to perform a particular mission and not to maintain a particular venicle status. i
Therefore the pilot's attention should be devoted to the mission tasks primarily and the secondary task of
vehicle stabilisation should be automated as necessary. Stability augmentation systems invelving appropriate
sensors, computers and control surface or nozzle actuators are certalnly within the state of the art. How-
ever, considerations of reliability and adaptability to fallures or sulden changes of operational con-
ditions can influence the assignment of vehicle stabilisation tasks to the pilot or to the stability aug-
mautation systes.

In casas where only lirmited autematic stability sugmentstiocn {a availadle or vhere the pilot
has to takw over in an emergency manceuvre, cuickened displays may be a better answer than pure situation
displaya which are likely to be inadequate for atadilizing tasks. Quickened inforeation is derived froo
the combination of g .atys, rate and accelera.lon componenta of a paramater and {s displayed as a compo-
site signal to the pliot. By this method the pllot is relieved of the oxtremely difficult task of mani-
fold visval differentiation of situvatich inforsatiocn and mantsl deterwmination of optimal coatrol wovementa.

e v bt ek

To illustrate the sifects of quickening in a director diaplay raference is made to iig. 3 which
iz a simplified example of the cooirel of an aircraft turning in level ierodynamic flight. The pllot and
display are representad in the =odal as a simple gain. Using this simpla pilot model it {s assumed that
the pilot can concentrate on a single tracking task of slow respoose characteristics alene, which is not
necessarily tvue in wractice. The pilot's cutput, &, controls the aircraft in roll. The cutput af the first
integrater of the sircraft wodel represents the roll rate and the negative feedhack of this lategrator
sccounts for the danping of roll-sotion. The output of the dscond integrator then represents bank angle,
@, vhich cauvaes a proporticaal rate of turn, v , (assuaing no sidexli{p). The output of the third Integra-
tor {s alrcraft hoading, ¢, vhich can be controlled to satisfy a heading demand ¥y using sultiple feedbacks
to the diarlay. The resulting output {s a composite signal of the form

(1 R TR N

By approprinte seloction of ¢, and ¢, various types of responses af the system can be achieved
1 2
in order to null the heading errar

) €z -

Fig. 3e-c shov sows responies cbtained by simulation for varying values of ¢, and c¢,. For
¢, = ¢, = O thera {s coly negative feedback from cutpet to input vhich results in lnutabixlty 03 the system.
Téc (Piﬂ.l are therefare not showm in Fig. 3.

for ¢y = 0.2 and ¢, r 0 (Fig. 3a) dawping has been introduced into the system. In most linear
systess a rate fesddack term introduces dasping and this i3 sean {n ig. 3a where ¢, = 0.2. However, at this
velue of ¢, oscillation is xti{ll present which mekes control difficult for the pilet (highest res-walue of
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pilot's output and highest number of stick reversals compared to Fig. 3b, ¢), but the rms-value of the
arror at the system output is smallest for the example shown in Fig. 3a. For ¢, = 0.2 and ¢, = 0.1

(Fig. 3b) the feedback of the second derivative of the system output (Por § respectXVely% has increased
the damping and lowered the frequency of oscillation. Coatrol is less difficult for the pilet as irai-
cated by the small number of stick reversalc required and the smailer rms-value of the pilot's output.

The vehicle is less responsive, however, and the rms-value of the ervor at the syster output is larger
than in the previous example.

For ¢, = G.4 and ¢, = 0.5 there is no longer an sscillation in the system. In this example,
control is apparently least di%ficult for the pilot as oaly one stick reversal is required and the rms-
value of pilot's output is smallest with vespect 12 +ha previous cases discussed. However, the vehicle
is even less responsive and the rms-value of the error at the system cutput reaches a high level.

From the preceeding figures it is apparent that pilot's activity and the corresponding con-
trol errars have some form of inverse relationship which is quite natural. By means of a guickened display
of information it is possible to select a certain ra%vio of pilot's activity / control errors as long as hu-
man capabilities are not exceeded., More importantly the quickened d¢isplay of information can intraducs >
an artificial stability into systems of natural instability by provision of appropriate faedback loops,
These loops can be designed to take the characteristics of human control into account, which helps to rain-
tain the man in the lcop if it is considered necessary.

Besides the characteristics of quickened displays discussed above, the loss of situation in-
formation in the display has to be considered when introducing quickening. In some cases only a slight
amount of quickening (small values of ¢, c¢,! is required to obtain savisfactary resul:s and then this
effect is not too significant. However, if a large amount of quickening is applied,two displays are re-
quired, one representing quickened (comman¢) information and the other situatinn intformation. Otherwise
the lack of situation information may lead to a conditien in which tne command display shows all comemands
satisfied while the aircraft actually flies in an unacceptable or dangerous situation which can not be
detected by means of the display.

For a strictly analytical development cf quickened informaticn displays the entire dynamic
characteristics of the pilot would have to be knowi. It is believed that the determination of such sophisti-
cated models may be very expensive and it would probably always be easier to design fully automatic control
systems. [t would appear, however, te be more promising to restrict the model describing the pilot's res-
ponse to lower frequencies only and to recognize and to account for the variability of the display design
due to this simplification. A restriction to frequencies well below 1 Hz appears to be quite realistic for
actual flying tasks, It is feit that the application of such simplified mcdels could increase the cost-
effectiveness of quickened dizplay design by allowiog predictions of important parameters regarding speci-
fic tasks rather than continuing the predominantly empirical optimiratiin of quickened displays.

4,3 Guidance and Contral

Automatic stability augmentation for V/STOL afrcraft is well within the ztate of rhe art and
has proved to be cost-effective. Automatic flight control of V/STOL alrerafi iz probably also within the
state of the art though some sudsystess, in particular sensors and guldance equipment, rced scme refine-
rent. However, fully automated flight control of V/3TOL aircraft can not be consilers: to be cost-eifec~
tive at present. While the problem of vehicie riapilisatica {s more or less apparent in all phases of
flight, guidance equipment temds to be made-specific. To be cost-effective In comvuter cayadility, pover
managezment effort, malntenance etc. such equipment should be designed to be usable in many phases of
glight. The prolle=m iz mast apparent vwhen rav infemation ix displayed by coanventional display techniques.
1t {3 less predominant {§ senszors and indicators are separated which allows the indicators to be flighi-
phase selected through computer orograzs te mke then useable fur {ifferent puvposes. In thiz respect the
pest solution would ba the use of alectronic displays, 7~ - —holesy, information content ant! dyremic

Using the display device a¢ a multi-mode indicator valuable Inatrument panei space iz preserved by reducing
the nurhar of dizcrete indicators. Producticn, zaintenante and repair cvi also be simplified dy having
standard digplay devieces only ratrer than a fairly .nacmorencus {nstrumentaticon.

In general, it ls believed that the prod’ems menticinl above ga7 be solvel best by waing stan-
dard computer con?rolled display devices and giving particylar esphasis ¢ standandlization of future hand-
vare Jdeveloptent and to display softvare generativn. The increazing amvunt of computed Inforwativm compared

te rav inforwmat.on to Ye Aisplayed and the predeminance of electromiy eguipment add to this Jevelojmens trend.

dith respect 1o automatic guidance, the rescarces of the human lelag {flylag aviiiey, rraining,

digseipline), the pvas.ble refinement of wperating jwocedwies and availadle display technology appear adeguate

to elininate vomplets automatien of ¥/$I0L alreraft guil:ave froz sericus comsideration in the near future,
ta cur economic benefit. Cuite substantial effarts are, nhowever, !equired 1o utilize these resowrcer effi-
ciently. The greatest probles appears to he ‘he lack of knovledge adbeut the pilol’s information requirements
vhich are congidered to v the key Yo future display development. Input requirements exint in general for
fully automati: flight cuntrol. "nfarsation requirgments for aanual centrel, however, have 1o be derived
rorve cmpirically becasse of the limited knowledge of the pilet's hetaviour {a 2 walti-task s:tustion and

hls apijity te adapt to the wmexpacted.

* significant increase of grewnd-based equijpment giving savigatien informatien and perforeing
data procerving vill be necessary for autematic guidance and control during apyrosch and landing az com-
pared, for example, to a GCA (Qround Jontrolied Approach) manceuwvre. It is Queatiemadie whether adequate
equipment can be provided for thie garticularly at these places whore the tabe~aff and landing charac-
teristics ef a ¥/67T0L aircraft are mest useful. On the other hand, operatienal expar:ance las shown that
steep descents to a specific end-point are difficult 1o fly without some degree of avtumation if 2 speci-
fic profile of tiwmsitico of doTeleration is demanded.
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4,4 Principles governing trade-offs

The display requirements for V/STOL aircraft are dependent on the complexity of the flight
manoeuvres required and on the degree of automation available aboard the aircraft, Hewever, autcmation
and the quantity of information displayed are not inversely proportienal. This is due to the fact, that
automation can reduce the number of control displays without significantly changing the number of situation
displays required to observe the progress of the automated control functions and to moaitor the flight con-
dition with respect to mission vequirements and safety margins. The deygree of automaticn is dependent, how-
ever, on the overall cozt-effectiveness to be achiaved. Two questions appear to be mest important: (i)
What can be automated within the state of the art, given considerations of cost, payload and orsirational
environment? (ii) How much of the pilot's attention capacity is required for tasks which can not be auto-
mated efficiently and where is it possible to save that amcunt of attention by appropriate autcmation of
other functions? It is belisved that for vehicle stabilisaticn both questicns can be answered in favour
of automation, With the aid of completely automated stabilisation systems it should be possibla to reduce
the influence of pllot factors on flight accidents remarkably. It would be Interssting, however, to know
how much instability of the vehicle contributes to the total number of flight accidents. The remaining
accidents which are not due to inadequacies of manual stabilisation of the vehicle (inner loop) may have
their roots in the imperfections of the technique of manual vehicle guidance (outer loop}. However, the
same degree of automation as for vehicle stabilisation, ie ultimately complete automation, is not con-
sidered to be cost-effective and feasible for guidance of V/STOL aircraft. On the cther hand, pire manuzl
guidanze of the V/STOL alrcraft can restrict the operation of the venicle to fairly conventional approach
techniques to avoid flying risks. If, therefore, the inherent flexibility of V./STOL aircraft is to be
utilized, some combination of manual and automatic guidance will be required.

.
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It is difficult, if not impossible, to make any statement about the appropriate amount of manual
and automatic guidance to achieve a specific performance without exact knowledge of the vehicular charac-
teristics, the type of mission to be flown, human limitations with respect to the flying task, and the
difficulty of cooperation between the pilot and the automated system (distribution of authority etc). How-
ever for a given combination of these factors it is obvicus that the total of manual plus automatic con-
trol must add up to 100%. It must not be assumed that a pilot always has the ability to provide the full

h 100% of contrcl. even with extensive training, or with elaborate displays. In such a case the aircraft

¥ is unflyable without some minimum amount of automatic control (typically inner-loop stability augmentation).
Experience with numerous experimerital V/STOL aircraft indicates that for operation in IMC this would be a
realistic case and the subsequent discussion is based on this assumption.

In order to perform his share of control the pilot must be given the necessary information
and one can therefore draw curves of pilot acceptability levels on a plot of display sophistication
against control complexity (Fig. #).

v T,

For the example chosen, these curves do not reach the axes in either direction. That is, as
discussed above, there is no fully manual control solution however many displays are provided, and
although it should always be possible in theory for the curve to reach the abscissa (fully automatic
Flight), in practice the pilot will insist ou having some situation information available with which
he can follow the progress of the flight.

Figure 4 presents only a generalized case since it is not possible to progress uniquely along
the axes. For the purpose of the illustration one can assume that control sophistication starts with
simple stebility augmentation in, say, one axis and builds up to full guidance control, Displays similar-
ly can be considerad to start with simple situation displays of attitude, speed, height, etc and progress
through increasing amounts of situvation, errors, flijght directors and/or predictor displays. Combinations
of displays and controls thus fall into satisfactory, acceptable or unacceptable regions of pilot rating.

Eor convenience one can assume that costs increase linearly along each axis ard, therefore,
contours of equal cost cross the workload curves as shown cotted ian Fig. 4. The curve of "acceptable®
pilot rating clearly passes from higa cost through a minimim to a further high cest region.

It must be appreciated that specific combinrztions of controls and displays might, for tecn-
nical reasons (eg conflicts hetween human and automatic authority), result in local distortions of the
pilot rating curves, and, hence,a unique minimum cost may not be identifiable. Further study should be
concentrated on quantifying the rating curves and cost/complexity contours.

Any discussion of the acceptability of displays clearly must identify the amount of automatic
. control supplementing the natural control and stability characteristics of the aircraft. Ideally thi~
. would be that covresponding to the minimum-cost point identified above, but as this is difficult to de-
termine, discussion with pilots has given an impression of what they considered to be the minimum satis-
factory™ ‘svels of stability for approach and landing.

These characteristics, assumed in the following chapters, appear to be appropriate levels of:
(i; attituce stability in pitch, (ii) attitude stability in roll for small pilot inputs about the trim
positioa and an angular rate control for large pilot inputs, (i1ii) weathercock stability to prevent the
build-un oy dangerous sideslip angles and (iv) vertical damping to ensure that a given control positien
results in a steady-state rate of desceny or ascent. Of these, the »oll and height control requireme.is
seem to be the most controversial and are logical subjects for further research.

5. INFORMATTON REQUIREMENTS

At the present stage of development, reljability and cost of systems for guidance, control
and stabilization for V/STOL aircraft, operational blind landings, with or without pilot contrel, are
not to be expected in the near future. A previous AGARD study of V/STOL instrument landing systems
{/LS/65) assurkd that instrument approach and landing procedures will possess both an instrument approach
phase and a final visual landing phase during which the touch-down area can be observed by the pilot.
1t is felt that _his assumption is still valid, The basic information required by the pilot in both these
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f:ight phases is similar, but may be derived from different sources and may have “o be pressnted in some-
what different forms to be optimum. This chapter outlines <> . requ.rel Information, but,in general, no
attezpt hias been made to indicate the specific form in which it should be dirplayed. Tiis will de dealt
with in subsequent chapters. :

TATED LETIENITO T T EY

As advocated in Ref. 10, the controls should pe of the “Cartesiz—" ¢. corthogonal type in
that the pilot should ba provided with go-forward, gc-hack; go~up, go-down; go-right, gn-left controls
that change their function as little as possible ov as gragualiy and as natarally as possible from the
beginning of the approach to the final touch-down 'with a minimue of crozs-coupring. In additiom, the ad-
vantages to be gained by reliaving the pilot of the task of sideslip res Taiit :re enormous and every
effort should b2 made to incorporate adequate inberent or automated directior.l stability to allow the i
aircraft te be manoeuvred laterally by roll control motious only, espacially ducing the instrument phase
of the approach. i

v b A VY ey FATE

It can be argued that the pilat workload required to bring an aircraft to a particular spot
with zero lateral and loagitudinal velocities and an acceptably low rate cf descent at touch-down is much
higher than the normal landing task with a conventional aircraft. Therafcre the aircraft must be readily
manoeuvrable in all six degrees of freedom. Just as additional controls must be provided to eliow these
extra degrees of freedom to be exploited fully, display of additional parameters must ke presanted to
allow monitoring of these wmotions, Consequently, the potential gains from presenting the informaticm to
the pilot in the clearest and simplest fashion are much greater in the V/STOL case. These requiremsnts
would seem to indicate the need for the use of advanced instrumentation tuchniques.

e e s

The parameters listed helow are those ccnsidered necessary for the pilot to accomplish the
approach and landing task. The ircorporation of advanced display techniques and sophisticated control
systems may shift the emphasis required on the various disnlay elements, but the distribution of the infor-
mgtion presented must always alloir the pilot to answer the two gquestions: "How well am I doing the re-
quired task?" and "How close am I to crasaing?",.One display doss not nscessarily satisfy both these needs,
For instance, the pure flight director tiat has to be nulled can be flown very accurately. Unfortunately,
withovt the imclusion of situation informatior the pilot is extremely uncomfortable, since he is unaware
of how close he is to disaster.in addition, instruments which ean fail to a zero position are particular~
¥ ly dangerous in this wrespect,

L No exact tachnique is available for selection of the information required, This is borne out
13 by the many detailed differences ia requirements for conventional aireraft which may be due to too much
{ reliance on what is currently possible and what changes the pilots have been able to suggest. In this
section the Working Group has tried to aveié *hese ~onstraints and has concerned itself only with the
pilot's information requ . sments however they may Le obtained.

{i) Airspee. Tre airspeed and ths deviation from a desired value must be presented down to
the lowest speed at which any significant aercdynamic forces assist the aircraft or aerodynamic problems
such as wing stall or pitch-up (eg due to engine intake momentum effects) may be encountered, Then ground
speed becomes the more important parameter.

(ii) Ground Speed and Direction: After the "aerodynamic flight regime"™ has been left behind,
the pilot is interested primarily in ensuring that the ground speed and its direction is such that he will
arpive over the landing spot at the desired touch-down speed. These also would be usefully displayed to-
gether with the deviation from the desired values which may be functions of several parameters. For in-
stance, the desired ground speed may be made propartional to the square-root of the remaining range to the
landing site. That is,

(3) vg « VR

It can be shown that adhering fo such a relationship results in a constant longitudinal -
deceleration throughout the approach.

It would appear most advantageous to present the information for both alrspeed and ground
speed deviations on one display element with a smooth transition at the change-over point, since the
same pilot-operated controller must be used for both and the pilot is concerned with each at separate
portions of the approach. Adequate differentiatiocn must be provided in their display, of course, to aveid
misinterpraetation,

(1ii) Height: Even in VMC £light the pilot must be provided with altitude information te
epsure adequate terrain clearance, unormal air traffic requiraments, etc. During the approach phase of the
flight, he is concerned primarily with height above ground. Hence, a device such as a radar sltimeter
read-out would be more useful than a barometric altimeter.

From flight experience with the Harrier aircraft, it is evident that a numerical indi-ation
of height with 50-foot intervals is too coarse at low altitude and much finer discrimination is required.
1t may be advantageous in a numeric display to make the interval a function of the height above ground
and & reascnable interval at very low levels would seem to be ten feet.

Analogue displays of height should not be ignored, howevar, since they have the inherent ad-
vantage of providing a rough indication of the rate of change of height as well as the height itself.
A disadvantage of such displays js that they are expensive in space if used throughout the entire flight
regime. Perhaps a good compromise is a digital read-out with constant interval spacing, to Le used at alti-
tude, augmented by sn analogue display of height to be used in the final stages of the approach (say ths
last 500 feet).

(iv) Vertical Speed: Due to the very low available normal acceleration capability of most
V/STOL aircraft in the approach configuration, it is Jmportant for the pilot to know his current verticsl
descant rate. Instrument lags inherent in present pressure sensing vertical speed indicators ares quite un-
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acceptsble if V/STOL aireraft are té be flown to low altitades in IMC by comfnrtably eonfzuent pilots.
In asddition, to avold rates of descent beyond thg aircraft's capability to ardest, the display of the
maximue allowable rate of descent would be extremely useful. ‘how clese am I to crashing?" information,
Tois limit would be constantly changing as 4 function of height above ground, the svailsble maximm -
thrust-to-weight ratio apd the flave capability of the airaraft. ) !

The display of this rate «f descent information ahculd ba optimized for IHC:5light but should
be situated in a pesition to allx the pilot veady reference during visyal flight conditions. Otherwise,
if external visual cues alone are relied on, uncontrollably high dcscant rates can occur without khe pilot
being aware. v
Unlike normal approaches in conventicnal aircraft where the rate of descent and airspeed are
held constant until the landing flare, decelerating approaches of V/STOL aircraft, evsd on constant glide
psth angles, result in ever-changing vertical velbeities. Td make straight line and other appreach paths
possible, it would seem logical to present the desired rate of descent as an element of the display.This
would be Lhasically guidance information and could be made to fellow a great vardety of lags to rzhe ad-
vantage of tha characteristics of particular aircraft, local tertain conditions'ur opdraticnal require-
ments. One such law, similar to that suggested for the ground speed, would be to mske the desired
degcent rate proportional to the sguare~root of height above the desirsd hover.point. That is

: 1
(%) he B =Ry : ' '

Conforming te this iaw, which could be tailored to the particular aircraft, would result in a
constant vertical decsleration. Comblnlng such & descent rate variation and that advocated for ground speec,
the vertical approach path could be made to assume a variety of suitablel forms to terminate'in the hover
above the landing site. By suitable choice of the constants of proportionality and depending on the star-

ting point ratas the rero-arror fligbt rath may be roughly concave, convex or straight. However, tha curved ,

paths do not end at the hover point and must be followed by a straight segment. Indeed, the pilot may
modify the flight path by, for ewamp;e, follouing first on2 and then the other demand.
\ . ;
Utilization of such ground spaed and height rate laws can result in the aircraft being floun
on the approach in a more optimized fashion than if it is constrained to coustant-speed/consiant-al-

titude segments, as suggested for the "stepped approach" (Ref. 6), resulting in the 'time and fuel savings
illustrated in Fig. 1.

(v) Pitch and Rell Angle: It has bren assumed taat some form of pitch angle control s,stem
vould be provided and that changes in rorward; speed can, and should, be pade through variations in the
longitudinal force without altering the pitch angle., Iu some cases when the aircrast is going too fasty for '
the remaining range and the Longitudinal force available is not sufficient to provide the deceleration re-
quired, the pitch angle must be increased,or the landing aborted., In this instance, it is especially impor-

tant for the pilot to be aware of his attitude to effect the alrspeed change and then be able to return to
a specific pitch angle.

1

A pitch angle scale is desirable; and should be auch that the pilot always knows which way is
up. Similerly a roll angle scale shbuld be included to enable the pilot to settle on a desired’value and
achieve a particular rate of turn (which, of course, would be a function of airspeédd). Ten degree inter-

vals in the roll angle scale up to thirty degrees either way together uith a cwscr should suffice for
V/STOL aircraft approach dxsplays.

{vi) Heading: Normal needs such as navigational assistance, orientation with yespect to the
vind, etc dictate that tEe pilot be provided with heading infermation, During the jnitial approach phase
when the "localizer" !s being captured, track angle s the paraweter to Ibe controlled. However, pilots !
have become used to using heading correction as an open logp means of correcting track angle by reference
to the ILS localizer indicator, Far these reasons, and also to provide back-up situation information if a
flight directer is used, it is felt that heading must always be displayed.

(vii) Angle of Attack and Al'lowable Liﬁits: Due to problems caused by wing stall, engine in-
take momentum effects, and roll control power limits (See the followd) pg sec tion), angle of attack can
assume the importance of g primary flight instrument for most Y/STOL aireraft. Hence, a clear, unambiguous

indication of this parameter is required and should be situated close to the display of pitch to facili-
tate correlation between the two. .

!

Since there is no louger a valid indicated airspeed-attitude relationship from which the pilot :
can derive incidence margins and since it is desirable to retain the optimum aerodynamic lift as long as
possible during the approach, the allowable angle of attack limits must also be displayed. Just as, with
airspeed, howsver, angle of attack has no significance in the sub-aerodynamic r?gion and may be removed :
from the display for very low speed flight. Perhaps a methed of decreasing the emphasis the pilot must
place on this parameter would be to decrease the sensitivity and the size of the scale as the angle of
attack requiromente become less stringent. That is, large display deflections would occur for angle of!

attack errors during the "aerodynamlc" portxon of the approach, but no deflection would be dl&olayed
in the entirely powsred-1ift purtioa. '

It would be entirely poasible in most V/STOL aivcraft systums co ingorporaie a davice that
automatically limits the angle of attack as a function of airspeed by controlling the nitch angle through
the stabilization system. However, a compulsive warning of the approach of the limits, such as a stick

shaker, would be preferable, since the source of the automatic attitude change could beé very confusing
to the pilot.

(viii) Angle of Sideslip or Latecal Acceleration and Allowable Limits: Certain types of VTOL
aircraft possess very large values cf dihedral effect, even | at low airspecds. This characteristic can make
excessive damands on tha available "oll guntrol it auwy of a number of combinations of incidonce airspeed

1
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and side «lip angle should occur, If any of these three iz zerp the problem, in: genaral is avoided. Hencsy,
the display of sideslip anglé only (as measured by a vane) would be satlsfactory if this parameter could
be held exactly zerc. This is unnecesdarily limiting, however. A more meaningful item for the pilot's
attantion is the lateral acceleration. This parameter is related to both airspeed and sideslip angle and,
if the incidence :an be held within the' limits required to ensure safe longitudinal characteristics, it
. shot d be possible to decide on ladaquate lateral acceleration limits to yield satisfactory lateral-direc-
tional charactaristics throughout tha approach. As with incidence, a compulsive warning device, such ar
a rudder shaker, should be employed to alert: the pilot to 1mpendi1g disaster as thete limits are apprcached,
If such a dsvice were used it wouldl appear prudent to shake only the rudder pedal that needs to be moved
: forwagd This would not only alert the.pilot to the fact that he has not done the required task sdtisfac~
torily, but would also indicaté to him what to do to retrieve the situation. !
. ) .
: Since the .pllot is more desirous of performing vigorous lateral directional manceuvres under *
: visual £light conditions than under instrument flight conditions, the display of poth the current lateral
, dccelaration apd its limits should be optimized for VMC flight. Nevertheless, if the weathercock stabili-
"ty is proviled by artificial'means, it is essential that they be displayed in the useable ins'‘trument scan
region to allew instrument approaches {perhaps with modified procedures) following stabilization systems
failures.

H . 4 H '
H

(ix) Range to the Landing Site: Conventional aircraft are flown quite successfully with nol
indication or range-to-go to toucthdn, other than a couple of mavker beacons along the instrument landing
' system to signify particular ‘points on the approach, If V/STOL aivcraft are flown on curved paths in either
. the vertical plane or the horizontal: plane, the "range information™ that a CTOL aircraft pilot obtains from
his altitude-glide path relationship is no longer available and the need for the display of range is much
. more powerful. An analogue representation of this parameter should suffice, perhap. in the form of, the °
! ) separation batween an aircraft and lendirng pad symbols.

(3) Clock: No instrument panel would be complete without a clock equipped with a large second
 hand! Pilots find this a most useful instrument in perform%ng a variety of ingtrument landing procedures,
‘since aven a simple WDF beacon becomes a valuable approach ‘aid when account can be kept of elapsed tlme.
! ; N (x1) Available Thrust and Engine Parameters: Unlike conventional alrcr&ft the power vequired
by a V/STOL vehicle is' often gree ar during the landing phase than during the take-off This is particular-
ly true when a shovi take ff is followed by a vertigal landing. The pilot of a conventional aireraft can
dc an engane ‘vun-r on the groynd to ensure that the énglnes are delivering the anticipated power just-
pefore take-off, the mest critical engine phase. The V/STOL pilot, on the other hand, needs to know ‘the
state of hcalth of his engine immedictely before his most critical phase, that is before the landing, but
e can not qarfo&m the same sort of check thhout disturbing his flight path unacceptably Hence, some
indication of thelavaila' le thrust-to~welght ratio (that rust e calculated from air data such as tempera-
tuve and pressr—e) w~ould be extremely ve'uable early !in the descent, well before the hover is reached.

i Similarly, since *he pilot's workload is very h}gh duting the landing task.and high power is
cemanded from the engii s, ktritical engine parameters such is temperatures, torque and RPM, shoylu be
claarly and unambiguously presented t> preent him from abusing' the powérplant to poss;ble destructlon.
E ]

(xii, Thrust Vector Angle, W1ng 141t, Duct Angle, etc: The angle between the propulsiVu vector
and the longitudinal axie of (hc Siroraft assumes the vame Sort 6?'importance as power settings in conven-
i tional airaraft and must be clearly displayed to ollow the pilot to anticipate changes from one steady-

state condition to another. A large part of “"converting® from one alrcraft to another is learning what
power settings are wequired to produce the ¢ sired ‘steady state condition: The sooner this is learned and -
; the more easily it is perfbrmed the sconer speed control becor"s virtually an ‘“open-loop" rather than a

“'closed- -loop" piloting tas!..

L (xiii) Guidance Information: One appeoach to the V/STOL guidance problem implies that automs-
tion in the form of ar automatic landing r,stem will Le vequired to achieve satisfectory results in this
mose demanding V/STOL aircraft tack, Assuming satisficto.y levels of stability and con'rol characteristics, =~ ~
however, it may be possille and desivable tu leave the pilot in command anC take advantege of his inherent
flex1bility and valuuble decision-making capabjlities an. incorporate the automaticn In the "black boxes"
that drive his displays. They could them leok aftsr the programming requirement. in a much more efficient
wanner leaving the pilot the task of satis{ying their wmds in the manne - most suitable for the sitia.ion.
"The disdplay of dasired ground speed and rate of descent information iu the manner recommended above .

! ! parys (ii) and (iv} is a first step in providing such guidrnce luformation,

s
i

In general, guidhnce systems for use with V/STOL aircraft performing instrument approacnss
have to be as accurate as those used by conventions® aircraft, but need different characteristics, The
conventional aireraft must be guided tu a particular ground track while maintaining an zirspeed above

, some minimum value. The V/STOL aircraSt, on the other hand, need not ba restrained within such tight
. v limits, sincoi its irherent varsatility allows a wide range of both .artical apd horizontal: approach paths
that mzy be straight or curved and the landing spot may be approached from a variety of directions, -
Comparable accuracy is required, however, to indicate te tne pilot where he is in relatlon to'the dasired
approach path and to the uandxng'spot> '

The_guidance information requived includes: :
. l v A '

(a) Vertical Flight Path Error: As is outlined above, V/STOL alrcraft lare capable of a great
variety of vertical approach profiles, but due to fusl (onsumption, obstacle avoidance and/or handling '
qualities considerations, particular glide path shapes, no doubt, will be preferred. Where this in the

) case, the pilot must be supplied with inlormation on how well 'he is adhering to the required approach path
.an¢ tnis, probabily, would be accomplished best through a display of the error from the desired path. The
; guidanc lawa suggested for the rate of descent and ground spesd g{vo °"R solution to this problam, The
maln objection to this approach, if used in isolation, is that the pilot’could do a fine job of following
the commanded rate of desdent, but be well below the desired ground speed. The result would be & flight,
! .

)
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path wmuch lower than the optimum shape and possibly low enough to cause premature contact with the ground.
One solution to this problem would be to ensure a rate of climb is commanded when the aircraft is below
the desired approach path, Another would be to display f£light path error itself, Further research is re-
Quired to deterwmine which is more desirable.

(b) Lateral Position: Obviously, on a guided approsch some display of lateral position with
respect to the desired ground track is needed., The form that this takes depends very much on the nature
of the guidance.

Approach types can be subdivided into those where there is a preferred or mandatory direction
of approach irrespective of wind (such as may be dictated by obstacles) and thoss where direction is se-
condary to the necessity of pointing into wind. In the first of these, the aireraft could find itself
heading in a vastily different direction from its track (even approaching 90 degrees close to the hover if
the wind is perpendicular to the approach divection) and a simple cross-tvack indication could be quite
misleading. It is felt that for at least the next generation of V/STOL aircraft, instrument approaches
will have to be constrained to straight line tracks within an angular sector to the wind such that the
maximum "crab" angle never exceeds approximately 30 degrees. Whether this will be so0 or not, the pilot
should be informed of the wind direction, It is too much to expect the pilct to be able to cope with
conditions requiring simultaneous descent, deceleration, turning to account for changing approach direc-
tions and yawing to maintain the lateral acceleration zaero using instrument cues only., This is an area
in which further research is required, since there are operational situations in which curved approach
paths would be advantageous.

The above sections attempt to outline the parameters required by the pilot to enable him to
accomplish instrument approaches followed by a visual landing in V/STOL aircraft, The following chapters
deal with various problems that have been encountered and are anticipated in providing this information
in the most suitable form.

6. HUMAN ENGINEERING ASPECTS

from a human engineering point of view, visual displays still divide into two main familles,
conventional and electronic displays. Conventional electromechanical displays are almost exclusively
head-down, and partake of a continuing pilot folk-lore asscciated with relisbility and little demands
by way of mechanical comprehsnsion. Electronic displays can paint nearly any surface nearly anywhere,
and participate in a folk-lore (almost mystical since not as yet stabilised) associated with continuous-
ly-breaking TV sets and omniscient computers. It may be 20 years before the aerospace world is rid of
these two inadequate and stultifying groups of ideas.

It is therefore difficult to maintain objectivity, but cur honest view is that conventional
dial-type inastruments are just too restrictive to accept the variety of information relating to V/STOL
approach and landing. They have, at the least, an insufficiently large display area or an inability
to perform the required mode-switching. What follows, then, is conditiomed by a prejudice in favour of
electronic display forms.

One generality, however, holds whatever display form is considered., This is the recommendation,
emerging quite forcibly from a growing body of rasearch, that the human pilot should be treated neither
as a continuous servo-controller, solely, nor as a continuous monitor, solely. The former type of task taxes
misculature without adequately involving brain, while the latter type of task involves neither musculature
nor brain sufficiently to maintain an appropriate alertness.

To consider electronic displays, one first has to observe the normal Head-~Up/Head-Down Display
distinction (RUD/HDD), It may often be desirable to have aircraft information displayed in a location
approximating that of forward terrain etc, and this can best be achieved with HUD., A HDD combining a
TV picture overlayed with guidance infarmation can be used but denies the value of more peripheral vision.

Soms claims that HUD reduces pilot workload arise, in a sense, from muddled thinking. A super-
imposed display can not naturally be interpreted simultanecusly with the underlying real world view. The
pilot still retains an attent lon-switching task in all but exceptionally overlsarned situations (eg, about
the fifth and subsequent repetitions of the perfect ILS to the home field). Real claims about reduced work-
load should stem from the computing and CRT limitations which have forced designers to appraise more ans-

lytically just what should be displayed (but this applies to HDD too) plus a reduced need for visual refixation

and re-accomaxiation (head-down to head-up and vice versa).

The prime human engineering criticism of HUDs to date is their vulnerability to stray light.
Compared to HUDs, HDD's can be shrouded, can be provided with a wealth of fiecld lens and honogcomb filter
devices, and can not be impaired by dazzle sources at those critical shallow angles around 90 to the dis-
play face. In addition, they do not have to be so bright to make an accesptable contrast with their imme-
diate surroundings, so the eye is allowed to work in a lower light adaptation field. This in turn allows
a display of wider dynamic range head-down. It turns out, however, that desirable HDD's (eg, TV screens)
require development in terms of brightness output.

A common criticism of HUDs is their limited field of view, Unfortunately, discussion of this
topic still rests on opinion rather than data. Fields of view of only 8° have baen used satisfactorily
in pre-production CTOL vehicles, and 12° - 15° fields are certainly usable in production CTOL, Experience
80 far with a military V/STOL aircraft indicates that a field of view between 11° and 20° (depending on
one's definition) is quite acceptable, Nevertheless, fields of view between 40O and 60° are often mooted.
Here is & topic to which research attention has long been overdue.

Conventional displays, once individual human factor problems had been attended to, could still
be practically illegible because of two main kinds of misdesign. First, there could be so many on the panel
that the average eye never got around them in the time available. Secondly, each could turn out, in con-
text, to be so overburdened with non-combinable information that the average visual cortex never arrived
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at the truth in time. Electronic displays are not generally offered on the basis of their ability to re-
duce saturation in the cockpit in the first, geographical, sense. They remain susceptible, however, (in
relation to the second objection to conventional displays) in that they can still display too much in~
formation, This is less likely to happen though, since electronic display elements are generally the re-
sult of some considerable calculation anyway, and this makes it easier to combins inforwation sensibly
before displaying it,

One levels two main criticisms at electronic displays, “clutter® and "coning of attention™
(although neither should be reserved for eslectronics exclusively)}. By display "clutter' one usually means
that a large proportion of the display surface is painted with scales, symbols, etc. By “coming of atten~
tion" one normally refers to a problem of fascination by a data-rich display which banishes interest in
all else., Conventional displays, toc, can be either too scribbled or too important to lose, In either dis-
play family, the underlying problem is to select the essential and desirable information, and draw it
concisely and without confusion., In particular, with electronic displays care should be taken not to
overuse their inherent capabilities, and not sense-compute-display all the parameters im the flight dy-
namice text-book.

Few tactics exist for information selection. In the past, lists of information requirements
for conventional fixed-wing aircraft show little concordance in detail. Perhaps their conception has
been marred by a thinking too rigidised by what systems and displays exist now and what pilots happen to
have noticed about them. Similarly, pilot task analyses, pllot eye movement link analyses, the whole
practicable gamut of laboratary "workload" rituais, all tend to conformity because one can measure only
the here and now. It is a basic logical fault to infer the desirable from the present case. We are there-
fore left with the individual creative leap, usually met in the form of cautious trial and error.

Once *he parameters to he displayed have been estimated (as in Chapter 5), two further major
compromises remain to be made. Systematically, the first would be to select the level of data sophisti-
cation, the second to select scaling values. Only then should one consider display symbol geometry. In
practice, the three go on quasi-concurrently, since no evaluation coudd otherwise proceed (not even the
1-test-pilot-oration method) if it were not to be almost entirely vacuous, By level of data sophistica-
tion, we refer to integration, inner versus outer loop control choices, and other factors as those pre-
vicusly discussed in Chapter 4, By scaling values, we mean the angular subtense, at the pilot's eye,
of an increment of the displayed parameter,

The more sophisticated the data level driving the display, the more remote the pilot becomes
from the source data, and the further he must regress in a failure case, There is research (Ref, 7, 8) to
suggest that the development of controlling skill includes a progressive ability to concentrate more on the
slower-acting outer-loops. If, however, pilots experience cnly displays which permit outer-loop decisions,
they are unlikely to be adept at controlling the higher-frequency inner-loop activities on which life also
depends. There is therefore an important '"reversionary mode" training programme to consider. Without such
training, the pilot's adaptation to a failed system is a lengthy affair (Ref. 9) entailing any gain change,
then lead/lag equalization, then error input spectrum.

At the start of the Chapter we gave our view that conventional displays lacked effactive sur-
face area. A consideration of display scaling usually takes aircraft altitude as the severest example,
and this will make our point. For here, the pilot may st times be interested in an accuracy of better
than 0.01% of full scale (eg 5ft in a 50,000 ft range). This can not be achieved safely by multi -indi-
cator means (eg the dangerous 3-pointer altimeter) and demands numeric, expanded scale, or selected scale
techniques. All are physically simpler for electronic display forms, given adequate computing. Note here
that displayable sensitivity need not be the same as controllable sensitivity. To continue the altitude
example, the pilot may need to know what is being left uncontrolled, say, to the neavest 1 ft, while he
does what he can about it only to the nearest 10 ft.

The display of engine parameters has apparently recsived much less research attention than
that devoted to flight displays. There is at least an undercurrent of opinion that for power plant and
thrust management electronic displays, again, might hold the future., Here, developments could reflect
recent trends in ground test equipment, where a large number of check points is quickly cycled through,
and the information displayed is limited to out-of-tolerance data only.

Note here that numeric indicators can permit at #ast some rate apprecliation, but & display
ambodying, say,3 to 5 simultaneously changing numeric indicators can be very demanding percsptually.
Certainly, a low limit should be placed on the number of indicators grouped in this way. Note also that
some reseavch (perhaps specific for each vehicle/operation) will be needed to establish how long an in-
dividual numeric indication must be retained For the pilot to be able to read it, Unsystematic odbser-
vations suggest that a hold time around 0.7 sec betore changeover may be sensiblas.

Something peculiar to electronic displays is their promise of pilot's view simlation (con-
tact analogue displays). This is such a fetching toy that psople have tendad to forget what proportion
of fatal accidents occurs in perfect weather at the home fileld., There seams no ascceptabls compromise bet-
ween clutter on the one hand (eg full-colour TV) and lack of cues on the other (eg height perception
difficulties), CRT line drawings of, for instance, mxjor runway linear featurss are abysmally inadequate
compared to tho perfect view out, and even this view ocut has been known to need supplementation sinca
the first 19th Century barometer ~as used to assess height. This simple need, to be given better than
naked sye pictures, has in the past been adequately met by conventional dials. However, with the addi-
tional needs of V/STOL, these are likaly to be almost totally inadequata. To offer pilots lsss than the
wright Brothers had, that is, to offer the pure contact analogua, is certainly not accsptable in the
V/STOL case,

On the other hand, to provide a reliably accurate real-world overlay may have a uss. If, for
example, the linear runwvay skelaton referred to is on a HUD (and ia not the prime landing data source) {t
covld be a transitary aid in showing the pilot whare the real runway will appear. In the case of VY/S5TOL
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aircraft this may be impossible because of the limited field of view compared with likely landing site
locations. The required overlay accuracy has not been reached to date, however, and in zuy case a sym-
bolic display would be just as effective. Helmat mounted displays might alleviate this p: “blem, but they
are fraught with problems of their own (of axis transformation, head position pick-off, atc).

V/STOL flexibility is bought at the price of two or so additional channels for the pilot to
have to control, Furthermore, the transfer from aerodynamic to engine 1ift during the lave aprroach means
that conventional stick or thrust controls undergo a marked change of use. Research is needed to study
how well pilots cope with this situation, and also to investigate whether a more radical control design
(eg separate translation control for each of the three axes) is justified. This could lead into some con-~
gideration of crew camplement; given a crew of two, one might conceivably attend to speed, the other to
flight path control, for example (Ref. 10).

In the final approach, V/STOL aircraft raise problems relating to external view and cockpit
accelerations which have no exact counterparts in CTOL vehicle operations. If the view down and to the
sides is much increased, as is desirable to allow visual cues to be utilized late in the landing, then
the lines of the instrument panel edges no longer provide attitude reference, and this may have to be
added (by, for example, some form of windshield markings). As to cockpit acceleration cues, thase are
for the most part unusual because of the low speed regime in which the aircraft is operating. For example,
normal acceleration would scarcely increase due to incidence changes and stick forces might change imper-
ceptibly with airspeed., The lack of these cuas requires that several information parameters receive
different emphases to the CTOL case.

7. SURVEY OF CURRENT V/STOL DiSPLAYS

An attempt has been made in Chapter 5 tv establish the information that must be displayed
to the V/STOL aircraft pilot during instrument approaches. The current practice of displaying most of
these parameters on separate instruments on the panel leads to considerable human factor problems and
pilots report an uxtramely high - if not intolerable - workload.

It is not sufficient, therefore, 3imply to ensure that the data is there somewhere, it must
be displayed in an ergonomically acceptable fashion. This leads to the combining of several parameters
into one display area or into one single combined element. The latter approach, typified by replacing
an actual and a desired parameter by a display of the error, can be a powarful technique if used with
caution. In general one talks of "combined" displays where separate parameters are closely co-located
and “intagrated" displays whers several parameters can be observed or deduced from the same display ele-
ment., The display designer should work closely with the systems designer to ensure that the bast use
is made of these different techniques. Nothing is more unproductive than an argument between entran-
ched protagonists of "situation" displays on one hand and "director" displays on the other. Both could
be needed in a difficult situation. In the following discussion it should not be assumed that the details
are applicable in every case - thay are merely illustrations of the possibilities that exist.

The human eye, absorbing information from the outside world, sees everything in angular terws
and the single eye has no "ranging" ability over a few feet. Even with two eyss the range-finder effect
disappears at a surprisingly short distance and range is deduced from a combination of previous hiatory
and the change of picture with dynamic movement. Everyone is familiar with the misjudgement of sizs that
occurs In fog and the apparent nearness of very distant scenes when the atmosphere is abnormally clear.

In a visual landing, therefore, a pilot is fairly confident about the angular placement of
various objects (including the ground) but he is remarkably deficient on judgement of range and raage
rate, This is shown in conventional landings by the large scatter of touch down points that occur even
when the pilot is provided with height. If the outside scene i{s somewhat deficient in detail (as at night)
the situation can (and unfortunately sometimes does) become fatally dangerous. it {s possible, howevar,
by choosing different sets of axes for a display, to present certain parameters in a form that peraits
visual judgement of quantity. Thus a forward looking type of display (Vertical Situation Display), ana-
logous to the normal view, has difficulty in conveying a nmsuse# cf range but a plan-position view {Hori-
zontal Situation Display) coavays it admirably. Similarly while both of these can not convey height direct-
ly (although some ingenious but tricky techniques have been used with the VSD) it can be easi{ly done by &
sideways looking display (Profile Displey). A survaey of dfsplays which have been used sxperimentally or
proposad for V/STOL work shows how differant designers have attempted to solve theso problesms.

The displays considared here are only those concerned with the landing-approach of V/STOL
airplanas, This weans that other types of displays, such as engine, navigation and tactical displays,
are disregarded in this chapter.

For the survey a division in three groups has been made:

a) Separated vertical, horizontal and profile diaplays
b) Perspective displays
c) Combined verrical-horizontal displays.

7.1 Separated displays

These displays make use of a conventional cockpit-instrument lay-out somatiims together with
a moving map.

Several concapts have been investigated in flight, including a combination of a conventional
attitudo director indicator (ADl) with a cross pointer type horizontal situation indicator {(HSI) evalusted
by NASA with a helicopter not equipped with artificial stabilization equipment (Ref. 11). The ADI provided
indications of the roll and pitch attitude and the giide slope deviation together with a control-commend
(flight=director) signal for course control. Small vartical-scaia instruments presented airspeed, ground
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speed, range and height. The flight tests were parformed under simulat~d IMC along & 6° glide zlope at con-
stant speeds of 30 and 60 knots. Approaches at 30 knots to a §0 ft break-out appeared to be pozsible far skil-
led well-trained pilets but the workload way considered to be quite high, even during these constant speed/
constant glidepath approaches. Improved stabilization might have slleviated thin problem, The oparatiomal
zuitability of the display tested lu, however, doubtful.

NASA repeated the same type of evaluation trials with the display shosm in fig, 5 (Ref, 12).
The difference from the former display is primarily the replacement of the cross-pointer-type instrument
by a moving map display. This change had a favoursble influence on pllot opinion, mainly becsuse the o~
ving map gave & direct indication of heading with respact to the landing site. Changes in scale of the
moving map appeared to be necessary during the approach, but it was found that pilots were able to adapt
readily.

The same type of display system was tested during constant speed (45 knots) simu)ated IMC
approaches (6° glide slope) in a helicopter equipped with a stsbility augmentation system (Re€. 13). The
ADI was,in this case,fitted with a vertical needle indicating the commanded roll control position. The
results indicated that the pilot could perform acceptable approaches, but the flight director indicator
required considerable attention resulting in the pilot having sawe doubt as to the overall status of tha
approach.

The came aircraft display system (complemented by a normal ILS crosspointer indicator} has
been used by NASA during deceleration approaches to an instrument hover along a 6° flight pat’ (Ref, 1k},
Hovering trials under simulated INC during this program indicated that the accuracy with whieh the piist
was able to stay over a desired spot depended heavily on which displays he emphasissd. Using only map snd
altimeter resuited usualiy in aborts with excursions exceeding several hundreds of feet. In other tests,
with the pilot instructed to share his attention between the directors and situation displays the accuracy
was only half as good as when the flight director received full attention. In the latter czse the accuracy
was very good with the pilot able to hoid any point of the aircraft within a 35 ft dismeter circle almost
indefinitely. Fig. 6 compares the result: obtained in IMC with those in VMC,

It is difficult from the above trials to sort out how much benefit the essentially horizoutal
director diaplay deriveu from being superimposed on the attitude situation indicatar, but improvement of
flight director and situition information integration is necessary. Also the flishi-director logic needs
refinemant., During the docelerating trials the pilots were found to ba igmoring director demands i{f they
called for large pitch attitudes which indicates that certaiuly monitoring of the aituvaticn information
took place. Hould these limits have been tightened if thz actitude display had been eeparate firom the
directors? Despite the excellent performance on directors and the deterioration when aituation scanning
vas added the pilots expressed a lack of confidence in directors alone, Flight~director information iw,
howaver, thought to be essential for performing approaches to a hover at the pad.

If the information prosented by the two instrument displays described above is cowmpared with
the information required for IMC-flight (se¢ Chapter 5) it is found that most information is preseant, but
in soma cases implicitly. The difficulties encountered in controlling the helicopter originated partly
from display lay-out deficiencies and partly from the vehicle stability characteristics,

Profile displays, in which the sideways view of the witustion {s given, have not besn extan-
sively used or tested. Howover, work has shown (Ref. 15) that this type of display provides useful situ-
at’on information to support or confirm guidance information which the pilot receives from ancther source
(generally the flight directar). By providing the aircraft symbol in the Profile Display with a flight
vector pointer it is thearsticslly possidle to use thia as a flight directer {n the wertical plane but
problems of scale tend to offset this capahility and the display is prahably best considered as an ancillary
situation display.

7.2 ‘Perspective displays

Savaeral typas of perspective displays are propose! and some have lesn tested during approaches
in helicopters and in ground-based simulators. Nost of thea glvae a symbolized vlew of the outside warid
as viewed by the piiot froa the cockpit, somatimes complemented by a pathway in vhs sky ([lg. 7). Fa
a more caplets review of perspective displaya reference can be made to Ref. 16.

A conclusion of a NASA-tested contact-analog display in the landing approach (Ref. 17} was
that: "despite the deficiencies in the contact-analog presentation the pilots were of the opinion that
the combined presentation of attitude and guidance informaticn in a single, perspactive forwat representad
an i{mprovement over the separated vertical- and horizontal-situation presentation of two of the displays
previously tested at Langley Research Center®.

This may illustrate the usefulness of combined vertical and horizontal displays. It {s, however,
dub:ious whether a pervpactive display is the best way to present this lnformation. For instance, the
judgemant of altitude avight be difficult, as vaentioned in Chapter 6. To quote a US Navy simulated sxercise
(Ref. 18):

"Subjects had cifficulty i{n judging vertical pos{tion even under conditioms in
which range to tiuchdusm was held consyant and subjects vere given unlimited tisw
for xaking the ad‘ustments™.

NASA, {n an effort ty study theze problems further, is now {n the process of developing a4 shiw-
lated ‘roal-world™ display using & S-81 test helicopter. The objective i3 to detercine what real-world cuss
are nieded to perfare s deceleraticn and landing. A TV-picture is taken from a standard simulator aciel
terrain, The necessary {nformation tor controlling the ground based TV-camera above the rodelled terrain
is partly telesatared from the alrcruft and partly obtained from a ground-based tracking redar. The ple-
ture is broadcart to the helicopter and displayed on a monitor. The use of glide-glope and touchdowm-po-
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sition symbols in the model turrain is envisaged. The interplay bectwsen handling qualities and display
requirements will be investigated by varying the artificial stabilizer characteristics.

7.3 Combined displays

From the work described in Section 7.1 there is clearly a need for a display which combines
some form of director with the horizontal and vertical situation so that the pilot can menitor the one
with the other. There is, in fact, much evidence to show that a pilot will judge how closely he needs to
obey the director commands by reference to his situation. This is not an undesirable state of affairs,
provided it is used with caution, and can contribute greatly to easing the overall workload.

1a the following types of displays the horizontal and vertical situation information has been
combined in order to shorten the scanning cycle of the pilot in carrying out this cross-reference. One
attempt to combine vertical and horizontal displays is that by Teldix (Germany). Being largely an slec-
tronic display different modes can be selected for navigation, approach and hover. That showm in Fig. 8
is the hover display which is principally a horizontal display with vertical information added. The main
features differ markedly from the NASA display (Fig. 5) and merit comparison. The ADI used in the NASA
trials was entirely consistent with VSD principles. Even the horizontal cross pointer was virtually a
pitch director since in the helicopter range-rate was controlled via pitch. In the Teldix display, however,
there is super impcsition of a straightforward VSD (aircraft symbol, horizon, glidepath zero-reader type
cross pointers) and an HSD (compass rose, truescale range circles, landing pad). In additicn, there is
shown a very important parameter - the ground speed vector, represented as a line of variable length
pointing in the appropriate directiuvn. As all of these are given as abstract symbols the pilot has to learn
to dizentangle the information appropriate to each axis. This particular display has not yet been flowmn,
buc axtensive ground based simulatcr testing has indicated a degree of feasibility (Ref. 19). The results
of ten pilots carrying out 100 completely blind landings are shown in Fig. 9 where it i{s ssen that most
touchdowns were within a circle of 5 metres radius. Of course, the limitations of a fixed-base simulator
without the psychological effects of real flight have to be allowed for and such results would need sub-
stantiating in flight trials but they are, at least, encouraging. Even making allowance for the difference
betwveen simulator and flight tests it is interesting to analyse the success cf hovering with the Teldix
and NASA displays. The NASA experiment using a moving map alone was unsuccessful whereas the Teldix dis-
play and the NASA trials with flight director were successful. The answer most likely lies in the pre-
sence of the speed vactor which is shown explicitly in the Teldix display and is implicit in the cross-

pointer (fed by ground speed deviation and pitch attitude, that is, short term ground acceleration) in
the NASA ADI.

Aun interesting conclusion reached by Teldix was that the expected confusion batwesen horizontal
and vertical type symbols did not materialise. The limitations of ground-based simulation may be of par-
ticular importance in this area, however, and more work is needed under flight conditions. The actual

chavacteristics of the display symbology are alsc very relevant in preventing confusion and the basic
vule of &voiding clutter probably takes on added importance.

Fig. 10 has been proposed from a background of exparience with a display for helicopter sta-
tion keeping but has not besen tested, and Fig. 11 has been evaluated during a fixed-base simulation of a
helicopter and a fan-in-wing VTOL aircraft.

The results of the tests with the latter format (Integrated Electronic Vertical Display) showed
that IMC steop-angle appreaches and landings are poasible, It further appeared that the effect of appreach

mode variaticn was minor. Thersfore, a parabolic mode was recommonded because it offered increased terrain
clearance {n the terminal area.

The head-up display shown in Fig. 12 {s currently operational in the U.K. harrfer V/STOL air-
eraft but it can be seen to bde lacking in horizortal situation information. This is because {t has not
beon designed for INC. Combined displays, however, covering this case have bscn pruposed by RAL and are

shown in Figa. 13 and 14. These follow different guidance philosophies in an attempt to deterwine the
heat line to follow.

Fig. id gives the so-called "guidance™ HUD proposed by RAL in which two elements are suppleman-
ted to the HUD of Fig. 1Z. One is a trapezium which is driven vertically by a function cf range and range rate.
When the trapezium ceoincides with tha sircraft symbol the aircraft is decelerating correctly. The horizon-
tal dizplacewent of the trapeziuwn and the pyranid lines show the relative tearing to the landing site.
The pyramid {s further driven {n the vertical plans by height and haight rate and {s used as a flight
director for helght control. Depending on vhather the aircraft is wingborne or jetborne the pilot rescts
to this coumand by using either nis control stick o throttle as appropriate. Sirulaticn trials have been
successfully completed and flight testing of the display arrangement i{n & Xestrel aircraft is planned.

The “"control director” HUW (Fig. 14) follows another philesophy. The vrange in ormation of tha
foreer display haw been substituted by sywbols showing computad throttle error and thrust deflection angle
arror. Simulator studies have shown that pilots can porform an accurate transition by the use of the direc-
tors. The pilot's workload appeared to be very much recduyced by the gutamatic computation of “he i{pter-
change of roles of contrel coluen and throttle in a wransition. An untavourable effect of the director dis-
play, which {s well-known, sppeared to be that the pilot was not completely aware of the true power sanage-
ment and flight information. The preliminary result: of the simulation show that experisncsd VTOL pllots
prefer the "guldance” display while others tend to tev~ur the "cantrol® display.

An atveapt to combine both vertical and horizor-lal inforsation {n & hezd~down display proposed
by RAL {s ahown in Fig. 15. Tiis shows a basic siwflarity to the Teldix display hut thers has besn a afigni-
ficant elinination of the cross-pointer vertical and lateral coomands. Instesd, there (s 8 senarate rate-

f-descent and requirvd rate-of-descent scale and a purely situation displsy of lateral error. however,
the spead vector lihe has boen given greater prominsnce and {s scaled so that vhen it {s superimposed over
or near the landing pad symbol the aircraft is being dezelerated atv the appropriate rete. Thins display is
intended to parmit considarable freedow of choice by the pllot in the flight profile he adopts in getting
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to the pad - an important V/STOL capability which, if correctly used, can reduce total pilet's workload
considerably. So far, however, this display has been put through simulatioan tasts only.

7.4 Comparison of displays and requirements

Comparison of the required information in IMC-approaches as stated in Chapter 5 with that
given in the dinplay farmats discussed above shows that some of the newly proposed types fulfil most
requirements. It should be remembered that most of the displays considered were tested on helicopters
in which angle of attack and sideslip limits are not stringent. This is the reason that some of the
displays lack information on these quantities, The masa of information to be absorbed by the pilot,
usually In different axes, tends to demand an integrated or combined display. There seems sufficilent
evidence to indicate that it is possible to combine both a horizontal and a vertical display in one for-
mat although the actual display nature of any particular parameter dapends on the characteristics of
the aireraft, vhether the display is head-up or head-down, etc. The difficult element appears to be
height situation which does not lend itself to either HSD or VSD, Further work is needed in this area.

Before discussing detailed aspects, something shcould be said about other limitations of the
assessment conditions under which most of the displays mentioned in this chapter have been tested,

7.4.1 Limitatiocns
Important conditions are:
- the number of test subjects. A very limited number of pilots can not possibly represent the

pilot population. Furthermore, results obtained from trials with test pilots can be very different from
those obtained if squadron or airline pilots are the subjscts.

- the "test-vehicle". It is generally appreciated that simulation, especially fixsd-base,
can not rapresent the final V/STOL phase adequately. Even flying "under ‘tae hood™ with a safety pilot
aboard is definitely not the same as flying alone under adverss weather conditions with a V/STOL airplane
into restricted sites. The discussion on trade-off between control. and dieplay sophistication in Chapter &
includes the point that conclusions drawn for a particular display are in actual fact only valid for the
vehicle-display combination. This could alsoc mean that the design of genoral purpose displays is unrea-
listic,

- the task and its measuraement. The task presented to the pilot should make full allowance
for the inhevent flexIbIlity of tha V/STOL-aircrafs. A proper yard-stick for avaluating the performance
of the system might be, for instance, the measurament of tha possible variety of approaches.

7.4.2 Attitude Control

In all tha displays cutlined above there has basen a presentation of aircraft attitude. The HASA
helicopter by the nature of the test vehicle cculd control forward spsad only through changes of aircraft
attitude and the demand was fed onta the pitch director. Similarly, course guidance was fed onto the roll
cosmand bar, The rola of the attitude situatfon display was then purely that of a monitor enabling the pilot
to keep his responses within limits which were dictated by his knowledge of what was safe under the height
and speed conditions. Theoratically this limiting condition sheuld not have arisen if the pilot closely
folloxed the directors though the approach, However, the tendency far & pilot to do one thing at a time
(eg change speed or change height) means that errors in one channel can sometimes bulld up. If, for example,
ground-speed errors occur, perhaps aggravatsd by a tail wind component, demanding an attitude that the pilot
{8 unhappy with, and he limits his response, the error can possibly increase still further. He may sctu-
ally be decalerating, but only by reference to the general horizontsl g.tuation can the pilot judge whether
he {5 likely, in tha remaining range, tc docelerate sufficlently. His judgement in this respect iz greatly
aided by the co-location of plan position and speed vector. If the speed vector line {s not shortening as
fast as the pad is noving towards his present-position symbol, then he will not make it to the hover.With
wany advanced V/STOL aircraft it is possible to decelerate without altaring attitude through the use of
thrrust vector direction controls and the pilot can control forward speed as an independent parameter, Under
these circumstances he would normally keep the alrcraft attitude st zero or sone other constant angla and
the display should similarly separate out the elements used to convey information to the pilot about these
tvo separatuy functions. Neverthelesz, inadvertent attitude changes can alter the forward spead and, hence,
interfera with the speed control. It {s. therafare, desirable that these changes be kept to a minimux and
the displey of attitude should continue to occupy & fairly ceantral position.

7.4.3 Hajght Control

Attexpts to display height informatich on a ¥SD or HSD or a cumbined VSD/HSD have been ingenicus
bit hardly elegant. Thay range from separated elements such as nuwbers (Figs. 12 and 15) and scales (Fig. 16)
to integrated elewents such as pathways (Fig. 17) or "telegraph poles” (Figs. 18 and 19). The two last named
are, of course, not situation but error displays and require further support to give actual height (eg the
reforence height pole in Fig. i9). On occagion the need for heoight itselr may be partly psychological but
this i{s not uniuportant and the dasiguer should sspess very carefully the totsl need before opting for one
or another of the various iypes of display. ln general, it can ba said that height in an integrated display
{s a very intractadble parametor and further research is needed in this area.

7.4%.% Lateral Control

Informatisn for lateral control is fairly ezsily displayed, in Lboth director or gituation forwm,
since e{ther can be reprecented in a VSD or an HSD format. The practics seems to bDe tc present directce
inforwation in the vertical forw (as in & cunventicnal flight diractor) and situation in a horizontal
foro slthough there are exeptions. As was poinced out in Chapter 5, with a wind perpendicular to the
desired track, an alrcraft constrained to fly along a fixed course-line could end up pointiny at 900 to
the track and a simple display of course line deaviation becowes maaningless or confusing. For this reason
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a situation displzy based on a horizontal plan position format is to be preferred. If wind direction can’
also be shown then there is a great improvement in the state of knowledge of the pilot,

. . ‘ i
8, AJVANCED DISPLAY TECHNIQUES '

Consideration of the discussions of previous chapiers leads one to the conclusion that conven-
tional displays (ie inaividual electromechanical instrunents) do not have the flexibility reqpired for
the V/STOL approach and landing case, but will still be useful for the. preaentation of information that

does not change its requirements throughout the flight. Fortunztely, advancements in display techniques
(not particularly aimed at V/STOL) promise to alleviate this problem.

Electronic displays have entered the cockpit for several reasons. These include:’

- the necessity to display complex information to the pilot (decreassd space and scan
cycle in comparison with mechanical displays)

- the desirability of time sharing (decreased space and complexity in comparison with
separavs single-mode displays)

- the incieasing requirement of electronic head-up sights for sophisticatad nav-attack !
purposes .

Before describing the state-of~the-art and the interesting faatures of séme promising new
electronic display techniques it mignt be worthwhile to note very briefly some of the general require-
ments for cockpit displays. These include:

Brightnass - readable in approximately 10° 1x ambient light conditions.

dimmable from maximum to 0.5 ed/m2

Resolution - 100 lines/inch for moving syﬁbols ;
- 3 milliradians for characteés

Accuracy - entirely dependent on displayed function

Life -

at least 10,000 hr for entire display desirable,but at least
1000 hr is usable

Power Efficiency - minimum i{ncreases in electrical power demands over present level.

The interface, storage and charactar generation devices depend on oisplay techniques used
and will not be discussed here. Where neceszary special requirements will be stated.

The cathcde ray tube dominates the eloctronic display field. This device is well documented,
it is economic and 1t has a fairly good performance. At the present time it {s falr to say that ro other

display technique can challenge the CRT in terms of speed and cost and its characteristics are such that
it can satisfy mest of the requirements Ior brightness, resoiution, accuracy, etc. The large tube volume
and its vulnerability and high power requirements are some known disadvantages, however.

There are some principal characteristics of CRT displays which deserve consideration. These
(1) the mathod o. drawing tie plcture, - stroke writing or raster scan, (2) the method of deflecticn ~
- wlactrostatic or electromagnetic, and (3) the nature of the deflection ampliffer - AC {tuned) or DC.

are:

Stroke writing (sometimes called cursive writing) defings a technique whereby the alectron
beam of the CRT actually draws only the line being displayed, whervas by the master acan technique the

total scrsen is filled with an invariable patterm of lines, the brightnass of which is controlled to pro-
vide the required symbol or picture.

The advantage of stroke writing is the relatively leu sriting spesad required with a consequunt
high brightness potential. Deflectien by means of DC-amplifiers for the production of complax plctures
can be very demanding of power in an olectromagnetic deflection system. An electrostatic daflectien
systom does not require high power, but {t does demand a long cathode ray tube with attendant installation
difficultios. The addition of shading or & TV-background, picture iz i{mpracricable at the prezent atate
of stroke writing tochnique unless one uses & coﬁbxnatioo of AC-deflection for the TV-plcture and DC-de-

flection for stroke writing in the flyback pericd. This still gives rise to considerable difficulties
for airlorne {nstallations (See for example Ref. 25).

Tho raster format has the ability to draw full pictures. It involves a more difficult circuitry,
however, and is lower in brightness than the stroke writing displays. Charactars have to be formed within
the fixed raster and this, Iin general, ieads to over-simplification of the symbols drawn.

Rulticolour displays can be used for information codirng in the cockpit. Currently theruy are
two techniques in use. The segmented phosphor using cne ar more gune and an appropriate peas directing
technique, and the multilayer phosphor with either two guns or besn current medulation on cue gun. Both
techniques result in a consi{derable loss of brightness. Certain other CRT techniques belng explored In-
clude: (i) the use of a mixture of phosphors whose output versus beam current {s non-linear which can
produce colour changes with different current densities, ({{) miniature tubes and Schaldt projection
systems which hold promise {f they can be made small enough, (iii) the flat CRT such as the Gabor tuba

and the digital scan TV display which are currently in the research stage, (iv) combinations of a CRT and
a toving map display.

i
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Laboratory tests have demounstrated the feasibility of making three-dimensional and stereo-
scopic CRT-displays. These are, howsver, far from being used in tne airplane cockpit and their necessity
remains to be proven,

Special:contrast enhancemant techniques have heen employed and further developments such as
*  polarized and fibre optic faceplates and the use of special meshes and multilayered phosphor (so-called
optical diode) are progressing.

Light emitting diodes (LED) liave bsen used in solid-state matrix displays. Several types of
diodes (gallium-phosphide, galllum-arsenide, atc) have shown promise even ir the presance of very high
ambjent brightness levels (> 10° 1x). Flight instruments with varying sceies are possible due to the

| miniature jsize of the diodes. Their wide viewing angle, their small mcunting depth, their reliability,
their storaga potential-and their matrix construction which parmits direct digital addressing of the
‘panel contribute to the advantages of these devices.

Disadvantages of light émitting diodes include 4 serious heat dissipation problem, the fact
that the light is principally red and their efficiency.in other cédlours is diminished, and the overall
; high cost and complexity of any significant display arvea.

A liquid crystal display uses materials that have the physical properties of liquids, but
change their opt?cal properties (light reflection) when they are subjected to various stimuli such as
heat, a magnetic field, pressure, ultraviolet light and an electric field. Three different phases exist

. which zre teymed: nematic, smectic and cholesteric. The nematic phase is the one used in must displays.
The crystal is placed in front of a mirror to achieve a pseudo-—reflective system and since the effect
.of the application of voltage across the electrcdes is to vary the transmission, the coatrast of the
‘display is independent of the embient light level (the brighter the light, the Lrighter the display).
The visible pattern is determined by:the physical configuration of the ziectrodes. It appears possible
to drive a liquid crystal display directly from the computer-logi: pecause very little power is involved
and it has attractions because of its gtorage potential, This facility might prove most useful in air-
craft warning displays. However, there are problems with temperature stability, method of addressing
(particularly in the TV case), life and a response time that is too slow for rapidly changing displays.

In the plasma display use is made of the self-lumincus effect of a gas-discharge. The visible
glow assumes the shape of the electrode and can in principle have any form. Two formats are used: ti.-
fixed format in which the elements are shaped to form a spscial image (such as a part of a number) ang
the flexible format which forms a matrix type display. This technique also has the attraction of inhsrent
storage capability. :

It has been shown that AC and DC driven fixed-format displays are possible, of which the DC
system in considerably advanced in development. For matrix-type displays only AC systems appear to be
; useful. There are problems in the field of manufacturing tolerances, lifs tims and snciting reliability
and in addition to being expansive and requiring a large number of driving lines, this technique suffers
from gradual darkening caused by electrode bombardment. Using external electrodes can overcows this problem
but raises others. The idea is promising, however, and deserves encouragesment.

Electroluminescont (EL) displays use a phosphor, such as zinc sulphide, which f{z sctivated
by an AC voltage. The phosochar {s duposited betwken two conductors cas of which has to be transparent.
Activation can be achieved by using a crossed grid in which each point is specified by activating the
appropriate lines cu two to-ordinate axes. Power congumption ia lom. Severwl disadvantages such as a lack
of adequate conti:ast, poor resslution and a short service time pruclude the uece of large EL displays in the
cockpit. Appl.cations for annuncistars end othar smell-scale dlsplavs are possible, howaver.

™o main types of laser displays ars baing devaloped - the scanning laser and the holograph.
Scanning laser di{splays are stIil very much in the rerearch stage, but they have potentials for a sub-
stantial {mprovement over CRT's especially in brighiness and contrast, Color-scanning lasers are possible
in principle,

holography is a new acierce, which looks wvary promiaing. It s possible to display any type
of three-dimensicnal picture and, for this resson, this display-technique might be wvery useful for lsnding
in IMC. A few vypes of speclal purpozs holographic displays are at the laveratory stage, but problems such
as high power corsumption have 1o ha overcore before this technique can be considered practicable for air-
borne use.

In sumsary, {2 can be ccncluced that there are rany and various lines of research and develop-
ment which can bo exploited forr advanced vypes of V/STOL displayz. The fact thal they sre not being de-
veloped exclusively f.v V/STOL aircraft usy {s {wmaterial since the Working Mroup hsa found little difference
between the demanis for advanced display technology in V/STOL and CTOL aircraft.

9. CONCLUSICHS

To exploit effectively the inherent capadilities of V/5TOL aircraft, {nstrument spproaches to
larding in confined areas nust be possible. The deliberation: of the ¥orking Group have indicated that
<achnology exista to present the pilot with almost any {nformatiom, but displays currently i{n use, hovaver
scphisticated, do not allow the pllot to accompliish this task, How best to co this and with vhat mixture
of manual and automatic control s not entirely clear, but this report has attempted to focus attention
on various aspects of the problem, to review the current situation and to cutline future possibilities.

froc a study of the effort being deveted to devaleping dispiays and froe discussions with
pilots ard engineers wlithin various NATO countries the gwneral conclusicns reachsd by this Warking Group
are:
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1. Restriction of V/STOL approach profiles to long straight segments will be expensive in fuel and tac-
ticilly inelegant. In order to enable the pilot to accomplish mors flexible approaches he must be pro-
vided with infarmation in addition to that normally presented in conventional aipcraft. With the in-
creased number of parameters requiring pilot attention the potertial gains in both performance and
safety from presenting the information in the cleanest and simplest fashion are much greater in the
V/STOL case,

2, Automatic stabllity asugmentation is certainly within the state of the art and should be used, preser-
ving pilot attention for those tasks which can be automated less efficlently.

3. Ccmplete automation of flight control ia V/STOL aircraft is considered to be in an exploratory state
and not to be optimum with respect to cost-effectiveness due to limivations of technology (navigation
aids and aircraft control), to payload considerations and to the restrictions of the oporational en-
vironment,

4, FEwen with the foresaeable advances in guidance, control and display it is ner likely that V/STOL instru-
ment approaches to touch-down will be practiczble in the near future.

5. Even though the utilization of director displays can improve the performance of a pilot in specific con- %
trol tasks his confidence can be underuined if adequate situation information is not provided as well. %
6. The mass of information to be ahsarbed by the pilot, usually in different axas, poses peculiar problems 3
in the integration of inforzation and implies the use of combined displays. There {s evidence to indi- :
cate that t is possible to combine both a horizontal and a vertical display in one format. The most ,
difficult element to incarporate in such displays appears to be height information. §

7. Due to their limited versatility,conventimal electro-mechanical instruments do not have suitable
characteristics for the V/STOL approach and landing case. Existing electronic displays and the ad-
vanced techniques being tested in laboratories and simulators hold sore promise. k

i Kb

8. Techniques of engineering displays for conventiconal flight appear adequate to pressant the information
required for V/STOL approaches and no special development appears to be required.

9. To ensure that guidance systems prucured are adequate for future needs, more relevant oparational re-
quirements should be devsloped.

10, Due to the deploymant of V/STOL airvcraft to dispersed areas their avionics equipment smust possess a
higher reliability than is the case for such equipment i{n conventicnal aircraft operating from main
bases. Consequently, the design should be as simple as poysible vhile stil)l providing the essential
functions. The tendency to devise elegant and sophisticated displays simply because the technology
exists mat be resisted.

11, wWhether the information i{s presented head -up or head-down is not a matter of principle in the V/STOL
case. It is strongly dependant on other circumstances such as the existence or not of & hesd-up die-
play for cther mission purposes.

12. Apparently very dissimilar displays can be shovn to contain very similar information and it ls pro-
bable that the details of symbol gecsetry, for example, have a sccondary e¢ffect only. It {3 mare im-
portant to get the intrinsic i{nformation correct than to follow alavishly any given pressntation for-
mat.

10. RECONMINDATIONS FOR FUTURE RESEARCH AND DEVELOPRENT

The group memders, after extensive discussicns apong themselves and consultations with tech-
nical experts and test pllots, make a strong plea far the development of displays vhich take advantage
of the full flexidbility of V/STOL. This Working Group has not attermpted to specify the detailed patterns
of displays, but, rather, has offered guldelines with regand to the detalled {nformation content and the
readar should here refer to Chapter 5 in extenso. Moat current Y/STQL Jdisplayr have beon empirically de-
signed vith inadequate regard to the underlying principles. It is hoped that this report will help to
rectify this position. Nevertheleas, the Working Wvup feels that there are many problema outstanding,
and recowmends the following ftema of work for serious cansideration:

1. Turther studies centered arocund the probable oprimum mixturs of dinplays and sutomatic cenirol should
be carried out to improve the knowledge of cost-effectiveness in thisz area.

2. The necessary interaction of cperational experience snd new digplay desipgn appears to exict dy chance
at present. Appropriste steps should be tsken to isprove this interchange of inforwation, particular-
ly in view of the rapid growth of technology in this area.

S A N Rl L 5. 0 S S 0

3. A better appreciation {r nedtad of the apaunt of effort and attention s pilot devotes to the stabili-
sation of a V/STOL alrerafr.

4, Multi-axis mathematical madel: of pilots are needed -peclally for low frequencies covering the reglon
of interest for manceuvring flight. Motions of Mgher frequency are more efficiently conpensated by an
sutonatic mtebilisation systie.

i

$. Research {3 needed to study how pilots are adle to cepe with the changing effects of various controls
throughout transition and to investigate whether more radical control designs (e separate translatio-
nal control for each of the three axes) ave justified. And {n turn, there should be a closer integra-
tion of the dexlg- of both control. and displays.




SN A oty

20

10.

i1,

12,

13

14

.

The ranga of posaible approach profiles (eg minimum fuel ,minimum tima, maximum descent rate, etc) for
spacific aircraft sheuld be examined in datail before displays are designed for such aircraft in order
to establish limiting conditionms,

Approach and landing under high crosswinds poses particular problems for V/STOL aircraft. Theoretical
and flight investigations in this area should be carried out as soon as possible.

Techniques of using curved approaches (both in plan and elevatior), which could be useful for obstacle
clearance and in many operational sitwations, should ba investigated.

The detarmination of accuracy and range requirements for a tactical aid should be established bearing
in mind the flexibility of V/STOL aircraft and the possibilities of novel displays.

Sensors working with adequate precision in the regime of low speed flight are needed.

Soma technique i3 needed of establishing meximum available ihrust imnediateiy before final descent
without disturbing the existing flight path. Where multi-engines are involved this recommendation
may be especially difficult to satisfy and special techniques of measuring and displaying engine
health will be needed.

The generally accepted snvironment of 10° 1x ambient brightness poses considerable difficulties
for nen-mechanical displays. Triels and enalvsis should be carried out to determine how relevant
is this particular requirement.

Human factor research should explore the limitations of numeric displays under high worclosad environ-
ments, In particular some assessment should be made of the number of numeric indicators which can be
managed concurrently, and of whether indicator changeover and hold characteristics are povarful para-
maters.

The display of height infarmation is particularly difficult in combined displays and spacial attention
should be given to this problem by the display enginears,

Should HUD turn out to be the elective display, some rigarous assessment is neceded of field-o¥-view
requirements.
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Indicata Display Driving Functions
No. | Name Elemant Situation Guidance
Artificial Horizon Bar Fitch and Roll
Attitude
Vertical Horizontal Pointer Pitch Angle for Airspeed
i Situation Control
Indicatar Moving Tab Slcpe Daviation
Cursor Side Force
Complets Hap ilead{ng w.r.t. Lateral Doviation from
2 ?::i:gmu:g Course to Landing landing Site, Range to
Site Landing Site
3 Airspead Indicator Cursar Airspeed
4 Vertical Speed turacr Vertical Speed
Indicator
5 Altipater VYartical Scale Altitude relative
(Fine) to Landing Site
Triangle 50 ft Break-out
Height
5 Altimeter Varzical Scale Altitude relative to
(Coarse) Landing Site

L_7. Torqueneter

Applied Rotar Torque

Yest Program

tent pilota.

: Helicopter simulated IFR landing approaches at 6° glide slopes by 3 resaarch

Kain Conclusion : Noving map instrusments are casy to interpret, scaling changes are necessary,

moving map and altimeter are insufficient for hovering.

Fig. S: NASA Hoving Hap Instrusent Display (froa Ref. 12)
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Iadicator Oisplay triving Functions
No, Nato Element Situation Guidance
Horirzon Line Pitch and Rell
Attitude
Ground Grid Lenglituwiinal and
Contace Lateral Ground-
1 Analog "
Display Spoe
Jertical ard Lataral Devlatiea
Pathway from Glidepath.
2 Alrspesd Indicater | Cursor Alrspand
Vertical )
3 Speed Cursor Verticzl Speed
Indicater
4 Altiseter Vertical Scale Altitude Relative
(Fine) to Landing Site
5 Altipmter Vartical Scule Altitude Relative
{Coarse) to landing Site
3 Slip Indicator Curson Side Forpe
7 Tarques ter Dial Applied Roter Tarque
Test frogrea : Nelicopter in IFR landing-spprosches at 6 glide wlopes by L research
teat pilots.
Xaln Conclusiong: The perspective forwat represunts a0 lLiIgrovamant over eeparated vart.-
hae . displays.
Insufficient control of courss, slope and airepesd.
Flg. 7: NASA Cvatact Anslog Display (from Ref. 17)
VR Y e




Hover Node
Display Element Driving Functions
No. Naxa Situation Guidance
1 Horizon Bay Pitch and Roll
Atticude
2 Comzass Rose Reading
3 Hoeizontal and Director Coemand
Vertical Linos Slops and Course
4 landing Site Rangs and Baaring
to landing Sits
L) Sectar Approsch Sm:tccr
6 Range Circles fangw
7 Digits Al*{tude
8 pDigits Alrspeed
9 Tursor Adrspesd Devi-
ation
10 Vector Groundopsed
Tast Progcam : Fixed-base sim:lation by 10 pilots.

Kain Conclusiom : Blind landing of ~imulated VTOL alrcrafc feasible.

Fip. 8: Teldix VTOL Hover Display (from Ref. 19)
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rd
| _,/g PILOTS

100 LANDINGS

Fig. 9: Landing Mius Diatances at Touchdown obtained with the Teldix VIOL Hower Display
during simulator trials (from Ref. 10)
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Landing Node

Display Elemant

Driving Fupctions

Ho., Raze Situation Guidance
1 Horizon and Pitch and Rol)
"Sky" Artitude
Pitch Scale and | Pitch Attitude
2
Reference
3 Hellcop*er Symboll Lateral Deviation from
dezired Flight Path, Head-
ing Devistion
iy Vecton Velocity Error
Turn Indicater Rate of Turn
Ball Side Farce
N Ground Proximfty |Altitude above
Line landing Site
& Circle Collective Stick
Poaition Error
9 Diasmend Vartical Deviation froe

desired Ilight Path

[
(o)

Touch-down Line

Range to Landiag Site| Vertical Deviaticr from
desired Flight Path

>
I

Reference Linas

Test Frogram

Riin Conclusicas

Fig. 10: Princeton University Integratud Helicopter Display (from Ref. 20)

Datun lines for elemsute
3, ¥ and 10

¢ Simrlator testa planned for the Jetuny,

Integration of all necessary flight information
fato one single display has besn achieved.
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Indicator Display briving Functiona
No. Name Eloment Situation Guidance
1 IEVD Artificial Hoylizon Pitch and Roll
Attitude
2 " Lead Vehicle Symbol Quickened longitudinal (Pitch)
and lateral (Roll) Off-Set
3 " ILS-Square Yertical and Lateral Glide-
Path deviation
4a Fixed Reference loagitudinal and Lateral
h Off-Set during Hover aad
ab Trapezlus Descent
N " Altitule Tape Altitude relative
to landing Site
[ " Altitude Curgsor Altitude Ervos and Altitude
Fete Brror
7 " Speed Tape Ground Speed
\—-‘1
] " Heading Curear Approach Heading
i (rel. to Adrcraft
i Heading)
F_Di.:; Aircrafy Hesding
3 F14 Zadius Line Rel. Baaring
Digits Rangs
Vart. Speed Dial Vertical Spead
10 N
Indicater -
By Slieslip Ind. tateral Scale $ide Toece
12 Veutor Axgle Ind. | Vertical Scale Collective Vector
1 Angae
e

Tesy “rogrex :

Mafn Jonclusion

Simulatien of helicopter and ¥YOL in steep-aagle appeoaches up to w® glide

slopes by groups aof 6

pilots.

Perforuance of ITR-stesp-angle spproscter end landings is posaible.
Effects of approvch modes gre minor.

Tig. i3: JANAIR Integrated Llectronlc Vertical Risplay {fvoe Ref. 21;
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Dizplay Element

PBriving Punctisas

e —-
Neo. Haze S{tuarion Guidance
\ Horizon and Pitch and Roll
Pitch Bars Attitule
| 2 Digits Heading
3 Hoving Tape Quasi Angle of
; Attack
4 1 cwser Vert. Speed
3 Digits and Cursor) Selected Airspeed Alrgpeed L~ ror
& NMglits Altitwde
B} Circle $ide Farce

Tust Progina :

Main Conclusion @ Satisf{actery for YHC raly, dus t0 3 1wk
guidance information.

Lg. 10 Smivhy “u splay for < jor alreraft “frau Ref.
1§ 10: Seiths Head-up Display f he Harri i fv 76 Ref. 22)

in use for Harrier.
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Display Element briving Functions
No. Name Situation Guidance
1 Hor’ zon and Pitch and Roll
Pitch Bars Attitude .
Digits Heading
3 Trapezium Range, Range Rate
Rel. Bearing
) Pyramid Lines Height, Helght Rats
Ral. Beaving
5 Moving Tape Quasi Angle of Attack
8 Cursor Vert. Speed
7 Cigits and Cursor|Salected Airspaed Alrspead Error
8 Digits Altituda
9 Circle 5ide Force

Test Frogram

Main Conclusion :

Similator and planned Flight trials,

Transition is feasible.

Fig. 13: RAC "Guidance" Head-up Dispiay (from Ref, 23)
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Display Element Driving Functions
No. Name Situation Guidance
1 Horizon and Pitch and Roll
Pitch Bars Atcitude
2 Digits Heading
3 T-Symbol, Thrust Defl, Angle frr.
4 <-Symbol Deflection Angle Error
5 Pyramid Lines Helight, Height Rate
Rel. Bearing
6 Moving Tape Quasi Angle of Attack
i Cursor Vert. Speed
8 Digits and Cursor)Selected Airspeed Adrspeed Error
g g Digits Altitude
10 Circle Side Force
Tast Progrem : Simulator trials using groups of pilots.
Main vonclusions : Accurate transition possible, workload reduced,
detrimsntal to true engine and flight informa-
tion knowledge.

Fig, 14: RAE “Control Directar" Head-up Display (from Ref. 23)
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Display Element

Driving Functions :

No. Name Situation Guidance

1 Wind Symbol Vind Directien '

2 Landing Pad Rel. Position of 7

) Lunding Site

3 pigits Radio Altitude .

it " potted Line Raq. Appr. Directicn
5 Circle, Rate &f Descent

6 Line . Req. Rate of Descent
7 Digits Distance to go ' N
8 Circle side Foree

9 Compasd rose Heading .
10 Moving Tape ' | Apgle of Attack N .
1 bigits Airspeed or Ground- !

. speed

12 Velocity Vector | Speed Error

Test Program

Main Conclusion

.

Not avaiiable,

Not availabla. . :
t

[

e

ST




\ , ;
: ] , !
38 : - - o '
! i ! 1 ’ R
I e o Rl ~
‘ ‘ R SR o 2 Pitch ’
| | Heighite< i £ 2 Heading
H . . - S ; i '
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. g l !
a \Z‘A'irsﬁsad’daviaﬂon '
! _ {or grounc speed ; _. ,,
\ . Fig. 16: Display with prgdominan‘tly numerical -indications (from Ref. 1?) ;
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1 | H
i ! ! o | |
i ) ' ! | | ; ‘ i
1 ! ;.
. ; . L1 b ‘ '
,
; . A 1 K . )
. . Flightdivector commands
{Slope and course)
: Helght deviation ' ’
' . lor sloge deviation)  J .
: . :
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!
] ! ! ! ' ' l |
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1 B
Rall
. _ Pitch,
Headlng
-Courss daviation
: Rang
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Display Element Driving Functioans
No. Name Situation Guidence
1 Velocity Vector Sywbol| Flight Path Angle | Heading Errer
2 Alrspaed Ervor Alrspead Error
Indicatar
3 Harizon Line Pitch and Roll
5 Pole Track & Altitude Exrror
Alming Dot
5 Reference Height Altitude
Pole
Test Program : N.A, (as regards V/STOL).

Main Conclusion : N.A, (as regards V/STOL).

Fig. 19: SAAB Head-up Display (from Ref. 24)
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